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Pinnipeds show huge inter-specific variability in the lengths of time that 
they spend on land and at sea over the year and consequently in the range over 
which they forage. The reasons for the inter- and intra-specific variability are not 
immediately obvious although each species-specific strategy presumably 
represents an idealized solution which integrates maximized energy acquisition 
at sea with optimized time spent at the haul-out site. Foraging behaviour, divided 
into transit time spent commuting between the haul-out site and foraging zone, 
as well as the transit between the water surface and the hunting depths once the 
animals are in the foraging zone, is liable to play a key role in this. This thesis 
examines the foraging behaviour of two pinniped species, the harbour seal 
Phoca vitulina and the Weddell seal Leptonychotes weddellii in order to tease out 
the precise factors that modulate the length and duration of foraging trips 
compared to haul-out periods.  Methodological advances in technology are 
developed and tested to achieve this. 
Dead-reckoning principles contained within an archival tag were used to 
examine the fine-scale movement of animals underwater and, via consideration 
of the logged parameters, to determine how animals divided their time into 
various activities  and how these were related to locality. The location of feeding 
behaviour was determined by using the dead-reckoner in conjunction with an 
inter-mandibular angle sensor (IMASEN).  
Consideration of time allocated to various phases of the dives conducted, 
together with the data on animal speed, pitch and roll indicated that harbour 
seals have specific travelling dives, prospecting dives, prey-searching dives and 
sleeping dives. Apart from the sleeping dives, these are also mirrored by Weddell 
seals. Track tortuosity, which is believed to correlate with prey searching 
behaviour, was highest in water deeper than 10 m and starting at distances of 20 
km from the haul-out site for harbour seals. This concurred with seal density and 
allowed identification of the most important foraging sites for this species in the 
study area.  Weddell seals foraged directly beneath their haul-out sites on the ice 
1
and therefore had no variable tortuosity in their tracks that could be allocated to 
horizontal travel between foraging and haul-out sites. 
Based on these parameters, the total time spent in a single foraging plus 
haul-out cycle could be subdivided into time allocated to active prey searching 
(which only occurs during the bottom phase of the dives) and ‘other’ time, which 
comprises time at the haul-out site plus time associated with travel between the 
foraging site and the haul-out site. A measure for foraging efficiency is proposed 
consisting of the total time allocated to searching for prey divided by the total 
time spent in one foraging plus haul-out cycle. Pinnipeds that are very efficient 
presumably need high prey densities at their foraging site so that the inverse of 
this efficiency gives a rough measure of a time-based ‘prey- acquisition ration’ 
(PAR). This index was modelled using data gained from the two seal species to 
examine how the extent of horizontal and vertical travel (representing proximity to 
prey and depth distribution of prey, respectively) modulates the PAR so that, 
ultimately, consideration of real prey density coupled with variation in PAR as a 
function of prey proximity determines where seals can feed. The trends illustrate 










Innerhalb der Familie der Pinnipedia liegt eine große inter- und 
intraspezifische Variabilität bezüglich der Zeiteinteilung vor, die die Tiere im 
Verlaufe eines Jahres an Land bzw. auf See verbringen. Daraus ergibt sich ein 
breites Spektrum an Entfernungen, die einzelne Robben zum Nahrungserwerb 
zurücklegen. Die Gründe für diese inter- und intraspezifischen Unterschiede sind 
jedoch nicht sofort ersichtlich. Man kann davon ausgehen, daß es sich bei Art-
spezifischen Strategien um ein angepasstes Verhalten handelt, das den 
Nahrungserwerb auf See bei gleichzeitiger Optimierung der Ruhezeit an Land 
maximiert. Betrachtet man die gesamte, für den Nahrungserwerb zur Verfügung 
stehende Zeit im Verhältnis zur Transitzeit zwischen Ruheplatz und Jagdgründen 
und der Zeit zwischen dem Aufenthalt an der Wasseroberfläche und in der 
Jagdtiefe, so spielen diese Beziehungen offensichtlich eine wichtige Rolle.  
Die vorgelegte Arbeit untersucht das Jagdverhalten von zwei Pinnipedier-
Arten, dem Seehund Phoca vitulina und der Weddellrobbe Leptonychotes 
weddellii, in Bezug auf Faktoren, die die zurückgelegten Strecken und die Dauer 
von Jagdbeutezügen im Verhältnis zu den Ruhezeiten bestimmen. Um dieser 
Fragestellung gerecht zu werden, wurden methodische Fortschritte in der 
Telemetrietechnik entwickelt und getestet. 
Zur feinskaligen Analyse der Bewegungen der Tiere unter Wasser wurde 
das Prinzip der Koppelnavigation in einen Datenlogger (Fahrtenschreiber) 
inkorporiert. Anhand der aufgezeichneten Parameter galt es herauszufinden, wie 
viel Zeit die Tiere mit unterschiedlichen Aktivitäten verbringen und wo diese 
stattfinden. Um Gebiete zu identifizieren, die dem tatsächlichen Beuteerwerb 
dienen, wurde der Fahrtenschreiber zusammen mit einem Maul-Sensor (Inter-
Mandibular Angle SENsor = IMASEN) verwendet.  
Die zeitliche Gliederung eines Tauchganges, zusammen mit 
Informationen über Schwimmgeschwindigkeit als auch frontalem und lateralem 
Neigungswinkel, zeigten, dass Seehunde spezifische Reise-, Erkundungs-, 
Nahrungssuch- und Schlaftauchgänge vollziehen. Abgesehen von den 
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Schlaftauchgängen traten sehr ähnliche Verhaltensweisen auch bei den 
Weddellrobben auf.  
Ein hohes Maß an gewundenen Bewegungen im Verlauf der 
Schwimmstrecke wird als Indiz für aktive Beutesuche angesehen und war bei 
den Seehunden am intensivsten in Gebieten mit einer Wassertiefe von 
mindestens 10 Metern und in einer Entfernung von mindestens 20 Kilometern 
von ihrem Ruheplatz zu finden. Dies stimmt mit der größten Aufenthaltsdichte 
überein, die damit auf wichtige Nahrungsgebiete für diese Spezies im 
Untersuchungsgebiet hinweist. 
Im Gegensatz dazu nutzten die Weddellrobben zum Nahrungserwerb die 
Gewässer direkt unter ihrem Ruheplatz auf dem Eis und zeigten daher keine 
Unterschiede in der Gewundenheit ihrer Bewegungen, die mit horizontalem 
Transit in Verbindung gebracht werden konnten.  
Basierend auf diesen Erkenntnissen kann ein Beutezugzyklus, bestehend 
aus einem Beutezug und nachfolgender Ruhephase, unterteilt werden in die Zeit, 
die mit aktiver Beutesuche verbracht wird (was nur in der Bodenphase von 
Jagdtauchgängen möglich ist) und ‚sonstiger’ Zeit, die sich sowohl aus der 
Ruhephase an Land als auch aus horizontalem und vertikalem Transit 
zusammensetzt.  
Als Maß für die Effizienz des Nahrungserwerbes wird der Quotient aus der 
Zeit, die mit der aktiven Nahrungssuche verbracht wird und der Dauer des 
Beutezugzyklus vorgeschlagen. Die invertierte Effizienz hingegen kann als ein 
Maß für ein zeit-bezogenes ‚Beute-Erwerbs-Verhältnis’ (‚prey-acquisition ratio’ = 
PAR) hergenommen werden, welches eine Aussage trifft über die nötige 
Beutedichte im Jagdrevier, um die in Abhängigkeit von der Entfernung zum 
Ruheplatz entstehenden energetischen Ausgaben zu decken. Basierend auf 
Daten der beiden Robbenarten wurde dieser Index (PAR) anhand eines Modells 
dargestellt. Untersucht wurde, in wieweit horizontaler und vertikaler Transit, der 
die Nähe zur Beute und deren vertikale Verteilung in der Wassersäule 
repräsentiert, Einfluss auf das PAR nehmen. Die Arbeit zeigt, dass effiziente 
Jagdgründe für Robben auf der Grundlage der tatsächlichen Beutedichte in 
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Abhängigkeit der Veränderung des PAR als Funktion der Nähe zur Beute 
bestimmt werden können. Die Ergebnisse machen deutlich, dass das 
effizienteste Verhalten für Robben darin besteht, so lange Zeit wie möglich am 






























Chapter 1 Introduction 
An inevitable consequence of animals that favour particular areas for non-
feeding activities is that they must forage within a defined radius around the 
location. The concept of working around a ‘central place’ was first formalized by 
Orians & Pearson (1979) and has since become a major factor that explains 
much of the overall foraging behaviour of offspring- provisioning by mammals 
and birds (e.g. Jackson et al., 2001; Leopold et al., 1996; Markman et al., 2004). 
More recently, it has also been applied to any situation where animals must 
consistently return to any one spot, such as in air-breathing, diving animals, 
which are tied to the water’s surface, from which they make forays underwater to 
acquire prey (Staniland & Boyd, 2003; Page et al., 2005). 
Pinnipeds, which comprise the world’s true seals (phocids) and eared 
seals (otarids), are all central-place foragers. All species forage by diving from 
the water’s surface, and return to a central place on land both to moult and 
breed, with most species regularly attending haul-outs even outside the breeding 
or moulting seasons for reasons that are not clear (McConnell pers. comm.). In 
addition, pinnipeds show huge inter-specific variability in the lengths of time that 
they spend on land and at sea over the year and consequently in the range over 
which they forage. Fur seals, for example, spend hours to days at sea between 
haul-outs (Goldsworthy & Shaughnessy, 1994; Kerley, 1983) while some phocid 
seals, such as elephant seals only come ashore twice a year, with periods at sea 
of more than 9 months (Hindell et al., 2002). The reasons for the inter- and intra-
specific variability are not immediately obvious although it is reasonable to 
suppose that each species-specific strategy represents an idealized solution 
which integrates maximized energy acquisition at sea with optimized time spent 
at the haul-out site (Mueller, 2004; Wilson et al., 2005). Foraging behaviour, 
divided into transit time spent commuting between the haul-out site and foraging 
zone, as well as the transit between the water surface and the hunting depths 
once the animals are in the foraging zone, is liable to play a key role in this. 
This thesis examines the foraging behaviour of two pinnipeds, the harbour 
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seal Phoca vitulina and the Weddell seal Leptonychotes weddellii in order to 
tease out the precise factors that modulate the length and duration of foraging 
trips compared to haul-out periods. Harbour seals inhabit the temperate coastal 
zones of the northern hemisphere (Burns, 2002) using sandbanks and islands as 
haul-out areas and making forays to sea lasting between 17 and 257 hours 
(Thompson et al., 1998), which take them tens of km away where they seldom 
dive to depths in excess of 100 m (Krafft et al., 2002). Weddell seals are strictly 
confined to the ice areas of Antarctica (Thomas, 2002) where they search for 
prey in the immediately-adjacent waters and during which time they commonly 
dive to depths in excess of 250 m (Davis et al., 2003; Watanabe et al., 2003). 
The central place foraging strategies of these two species are considered in 
detail using state-of-the-art logging technologies and, as far as possible, species-
specific limitations defined before being put in a general context in an attempt to 
understand the factors that modulate foraging and haul-out areas in pinnipeds. 
Classically, such studies are conducted using satellite-tracking technology 
(e.g. Weimerskirch et al., 1993) but this approach is known to present biases in 
time contributions to area use (e.g. Hull et al., 1997; Taillade, 1992), so the 
approach was to use newly-developed dead-reckoning technology to determine 
position. Dead-reckoning uses the vectors involved in animal movement to 
reconstruct the travelling routes in 3-dimensions (cf. Mitani et al., 2003; Wilson & 
Wilson, 1988) and therefore has no inherent bias related to satellite accessibility 
dependent on surface occupancy by the equipped animals (e.g. Bost et al., 
1997). It is, however, subject to errors due to drift (Wilson et al., 2002) and 
measures, which include ground truthing from satellite-derived positions, have to 
be taken to mitigate against this. 
For the first time in pinnipeds, the newly developed IMASEN (Inter-
mandibular Angle Sensor; Wilson et al., 2002) was deployed on free-ranging 
animals to record actual feeding events. The system is based on a Hall sensor, 
perceiving magnetic field strength from a rare-earth magnet (Hall, 1879). 
Magnetic field strength, decreasing with increasing distance from the magnet, 
can therefore be used to record changes in jaw-opening angle when the sensor 
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and magnet are attached to the upper and lower jaw, respectively (Liebsch, 
2002). 
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Chapter 2 Materials and Methods 
2.1 Study animals, sites & projects 
The present study was conducted on two species of phocid seals, living in 
completely different environments, as part of ongoing research in food-web and 
ecological impact studies.  
2.1.1 Harbour seals - North Sea – MINOS 
The harbour seal, Phoca vitulina (Phocines, Phocidae, Pinnipedia) is the 
most common seal species in the north Atlantic and north Pacific (and therefore 
also called ‘Common seal’) and inhabits a variety of coastal and insular habitats 
such as sandbanks, beaches, estuaries and rocky or icy shores. It still depends 
on land to haul-out, breed and moult, like all other pinnipeds but is non-migratory. 
Harbour seals are generally considered to be opportunistic inshore or shallow 
water hunters, but can reach depths exceeding 500 m (Burns, 2002) and dive up 
to 31 minutes (Ries et al., 1997). Newborn pups vary in size between 70 - 90 cm 
and 9 - 11 kg, whereas adult males grow up to 170 cm and 120 kg and adult 
females grow up to 155 cm and 80 kg. The females become sexually mature 
between 2 - 5 years, the males between 3 - 6 years and a maximum age around 
40 years (mean: 15 – 25 years) can be expected (FAO, 1979). Most of the 
annual births take place between May and August, depending on distribution 
area, after a gestation period of 10.5 - 11 months, followed by 4 - 6 weeks of 
lactation. The annual moult occurs over the 2 - 3 months following the pupping 
season. Harbour seal fur, consisting of only one layer of short hair, is usually 
spotted with dark brown spots on a lighter, greyish ground. But colouration and 
shape and size of spots can vary considerably (Bigg, 1981) (Fig. 1). 
The North Sea, situated on the continental shelf of north-west Europe, is a 
relatively shallow Sea of the Atlantic Ocean. Especially the southern part (mainly 
the Southern and the German Bight) is shallower than 50 m with predominantly 
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muddy and sandy sediment (Ospar, 2005). A unique coastal habitat extends in 
the south-eastern corner of the North Sea, from Den Helder (Netherlands) until 
Blavandshuk (Denmark), the so-called Wadden Sea (CWWS, 2005). It is typified 
by extensive tidal mud flats, deeper trenches and many islands that are 
contained within.  
The aim of the MINOS (2002 - 
2004) and MINOS+ (2004 - 2007) 
projects is to determine the area-use by 
Harbour seals stemming from 
Helgoland (an offshore island in the 
German Bight; 54° 11’ N, 7° 55’ E), the 
Lorenzenplate (a sandbank north of the 
Eiderstedt peninsula in the German 
Wadden Sea; 54° 26’ N, 8° 38’ E) and 
Rømø (an island in the south-west of 
Denmark; 55° 12’ N, 8° 31’ E) (Fig. 2) 
using the most appropriate method 
possible and how this might interfere 
with the construction of designated 
Figure 1. Harbour seals (Phoca vitulina). 
Rømø 
Lorenzenplate
Figure 2. Tagging sites in the Wadden Sea during 
the MINOS project; the island of Rømø (55° 12’ 
N, 8° 31’ E) in south-western Denmark and the 
sandbank Lorenzenplate (54° 26’ N, 8° 38’ E) 





wind parks. Since standard line transects of seals at sea are subject to a large 
variety of errors (Kiess, 2004; Trost, 2004), the approach used was based on 
using animal-attached packages which enable elucidation of a number of aspects 
of seal foraging ecology, including area use. The analysis of seal area-use 
extends from simple position to determination of the various animal behaviours 
exhibited (as determined by the systems used, including feeding) and allocation 
of these behaviours to the relevant localities. 
2.1.2 Weddell seals - Weddell Sea - ANT XXI/2 
The Weddell seal, Leptonychotes weddellii (Lobodontines, Phocidae, 
Pinnipedia) is the second most abundant circumpolar seal species throughout 
Antarctica (Thomas, 2002). The fast-ice region they inhabit provides a secure 
platform to haul-out, give birth and wean. Weddell seals are extremely good 
divers and depths visited around 600 m (maximum depth 726 m; Schreer & 
Testa, 1996) are common and dives can last up to 82 minutes (Thomas, 2002). 
These animals predominantly prey on fish like Pleuragramma, but Antarctic Cod 
(Dissostichus mawsoni) and squid have also been reported (Plotz pers. comm.). 
Exploiting coastal shelf waters, which are largely covered by fast ice, Weddell 
seals follow the growth and decay of the ice during the annual cycle. Only 
occasionally are they seen at the sub-Antarctic islands or even further north in 
areas like Australia and Argentina. Weddell seals exhibit only a slight sexual 
dimorphism, with the males reaching 250 - 290 cm and females 260 - 330 cm 
and masses of up to 500 kg for pregnant females. Pups are born around 150 cm 
long and weigh about 22 - 29 kg. Pupping starts in late September and ends in 
early November, followed by a nursing period of 7 to 8 weeks. Once the pups are 
weaned, mating takes place, followed by the annual moult (Thomas, 2002) (Fig. 
3).  
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The Weddell Sea, the 
main source of the world 
ocean’s bottom water (AWI, 
2005), forms part of the 
Southern and Atlantic Ocean. In 
the west, the Antarctic Peninsula 
forms one boundary, adjacent to 
the Filchner–Ronne Ice Shelf in 
the south and the Riiser–Larsen 
Ice Shelf at its eastern border. 
Much of the southern part is permanent ice. The Drescher Inlet (72° 52’ S, 19° 
26’ W), a 25 km long crack in the Riiser–Larsen Shelf Ice, is situated on the 
eastern Weddell Sea coast (Fig. 4). The water depth varies between around 400 
m inside the inlet, down to below 1800 m in front of the mouth of the inlet, where 
AUSTASEN           
KAPP NORVEGIA          
Drescher Inlet          
Neumayer           








Figure 4. The Drescher Inlet (arrow), eastern Weddell Sea, Antarctica (72° 52’ S, 19° 26’ W). 









the continental shelf drops down (Hydrosweep ANT X/2). 
During a previous summer study (EASIZ II, Feb.1998) at the Drescher 
Inlet a joint seal-fisheries study showed that during a period of intensive ice 
break-up Weddell seals exhibited a diurnal pattern in foraging depths. Day and 
night trawling confirmed that in these depth layers planktivorous Pleuragramma 
antarcticum were by far the most abundant fish, even thought by night its 
abundance was highly variable (Plotz et al., 2001). The spring campaign (4 Dec. 
2003 - 3 Jan. 2004) as part of the 2003/2004 EASIZ cruise (ANT XXI/2) of the 
RV ‘Polarstern’ continued the investigations on predator-prey relationships in a 
season that is characterized by unbroken ice and permanent daylight. The 
scientific objectives were: (1) to examine the use of Weddell seals as collectors 
of visual information on the vertical distribution of zooplankton, krill and fish; (2) 
to measure the seal dive depths and feeding events simultaneously; (3) to study 
the relation between seal diving performance and the diurnal vertical distribution 
of its principal prey as well as hydrographic features in the fast-ice environment; 
(4) to investigate temporal changes in the local abundance of P. antarcticum and 
other fish species; (5) to characterize and quantify the role of copepods, 







Even though, the two projects involved in this study wanted to answer 
different questions, they were using the same methodological approach by using 
remote sensing devices.  
2.2.1  The dead-reckoners 
The dead-reckoner (140 
g, 90 x 65 x 28 mm, Fig. 5) 
consisted of a multi-channel 
logger capable of storing up to 
32 mbytes of data in a flash 
RAM with 16 bit resolution at 
sampling intervals of between 
1 s and 24 h (Driesen und 
Kern GmbH, Germany). The 
unit was potted in resin, which 
incorporated a titanium turned 
battery housing containing 2 X 
3.6 V Saft Lithium cells (SAFT, Bagnolet, France) as well as an infra-red 
interface for communication with a computer. Depending on the different 
configurations of the dead-reckoners (which had been further improved during 
this study), they could be connected to the following sensors: 
¾ Depth (1 channel): This was sensed by a medium-separated Keller 10 
bar (harbour seals) or 50 bar (Weddell seals) pressure sensor (Keller, 
Germany) and corrected for temperature effects via integration with a 
temperature sensor (see Temperature 1 internal below). Nominal 
accuracy gave a resolution of better than 2 cm water depth. 
¾ Speed (1 channel): This was also sensed by a medium-separated 
Figure 5. The dead-reckoner from Driesen und Kern, 





pressure sensor tilt sensor 
10 mm 
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Keller 10 or 50 bar pressure sensor (Keller, Germany) and corrected 
for temperature effects via integration with a temperature sensor (see 
Temperature 1 internal below). However, in this application, the sensor 
was placed immediately adjacent to the depth sensor so that it 
recorded both hydrostatic pressure as well as speed. The speed 
component was sensed by having a paddle (~ 20 x 20 mm) protruding 
into the water column, leading at its proximal end to an axle, and a 
moment arm (~ 3 mm - leading away at 90° to the original paddle arm - 
Fig. 6) which terminated in a ball and socket arrangement so that the 
socket, which consisted of a small disk (Ø 3 x 1.5 mm), rested on the 
membrane of the pressure transducer. Thus, forward speed produced 
a force on the paddle, which was transferred via the moment arm onto 
the membrane on the pressure transducer. For details of this system 
see Wilson et al. (2004). The transducer recorded the sum of the 
pressure due to hydrostatic pressure and that due to the force 
generated by swimming. Subtraction of the output of depth from this 
channel output (see above) produced an output corresponding to 
speed. The calibration for speed could be carried out on the animal by 
consideration of the sensor output in relation to speed calculated using 
dive (or return-to-surface) angle in relation to rate of change of depth 
for periods where there was an appreciable rate of change of depth 
(see later). This is a refinement of the method suggested by Blackwell 
Figure 6. The paddle arm system used for the speed measurement. 
pressure sensor 
housing disk 
moment arm  paddle 10 mm10 mm 
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et al. (1999) and accords with that used by Mitani et al. (2003) and 
Sato et al. (2003). 
¾ Heading (3 channels): Heading was determined using a solid-state 
compass (Honeywell, USA) which resolved the 3 components of the 
earth’s magnetic field into vectors according to the known orientation of 
the sensor (determined by the body orientation with respect to gravity - 
see below). The procedure for doing this is detailed in Caruso (2000). 
This gives a resolution of better than 1° in animal heading. 
¾ Body orientation with respect to gravity (2 channels): An angle-sensing 
system (VTI, Sweden) was used here, which was so orientated within 
the package that it resolved pitch and roll, both within the range +90 to 
-90°, to within 1° after calibration. In order to determine when the 
animal was swimming or lying on its back, which led to the system 
giving spurious results, consideration of the output of this sensor had 
to be combined with the mercury orientation switch (see below). 
¾ Body position (inverted or otherwise) (1 channel): For technical 
reasons the pitch/roll sensors (see above) were unable to determine 
body angles exceeding 90° from the horizontal. Thus, an animal 
swimming on its back, could not be perceived as such by the sensors. 
For this reason a single channel was devoted to determining whether 
the device (seal) was inverted or not. The sensor for this was based on 
a mercury switch and although rather primitive (on or off) it was more 
than adequate for us to resolve the issue. 
¾ Temperature 1 (internal) (1 channel): In order to correct for 
temperature-related inconsistencies in pressure transducer outputs, 
the dead-reckoner had a PT 1000 (Heraeus, Germany) temperature 
sensor placed directly adjacent to the pressure sensor. This sensor 
enables temperatures to be measured to 0.03° C accuracy. Correction 
of the pressure and speed values occurred in the software after the 
data had been accessed by the computer. 
¾ Temperature 2 (external) (1 channel): This sensor, also a PT 1000 
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(Heraeus, Germany) was used to measure ambient water/air 
temperature. Although it measured temperature to within 0.03° C 
(absolute accuracy) and was placed close to the surface of the logger, 
it suffered considerable lag due to the thermal inertia of the logger 
itself. This had to be borne in mind when data were assessed. 
¾ Light 1 (red wavelengths) (1 channel): This sensor, from Tropas 
(Tropas, USA) measured red light intensity within the range ca. 0.01-
100,000 lux (absolute daylight wavelength values) to the nearest 2 lux. 
As expected, it was highly sensitive to orientation (although this could 
be corrected by consideration of sun angle with respect to 
animal/logger angle) and thus values should be taken as approximate. 
¾ Light 2 (blue wavelengths) (1 channel): This sensor, from Tropas 
(Tropas, USA)  was covered with a Schott blue filter (BG-28) and thus 
measured blue light intensity within the range ca. 0.01-100,000 lux 
(absolute daylight wavelength values) to the nearest 2 lux. It was 
highly sensitive to orientation (although this could be corrected by 
consideration of sun angle with respect to animal/logger angle) and 
thus values should be taken as approximate. 
Over time, different versions of the dead-reckoner became available with 
different channel and memory configuration. During the first part of the MINOS 
project, a 12 channel logger was used with all the channels mentioned above 
and an 8 MB memory. Later, during the follow up project MINOS+, the channel 
configuration was reduced to 10 by leaving out the external temperature sensor 
and one light sensor. At the same time the memory capacity was increased to 32 
MB. During the Antarctic cruise, a 12 channel 32 MB version was used on the 
Weddell seals. 
2.2.2 The satellite transmitter  
The satellite transmitters (also known as PTT - Platform Terminal 
Transmitters) are termed as the SPOT 2 and 3 models, produced by Wildlife 
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Computers (Richmond, USA). They could be programmed to send off a certain 
number of transmissions per day, only transmitting on certain hours, days and 
months during the deployment period and when the water switch was dry. Details 
of the system are given in (www. Wildlifecomputers.com).The SPOT 2 (mainly 
used during MINOS) weighed 85 g (110 x 32 x 15 mm) (Fig. 7) and was powered 
by a 3 V M3 Lithium battery, whereas the SPOT 3 (mainly used during MINOS+) 
weighed 45 g (48 x 42 x 14 mm) (Fig. 8) and was powered by a 3 V M1 Lithium 
battery. 
2.2.3 The IMASEN (Inter-mandibular Angle Sensor)  
In this study, two different versions of the IMASEN (Driesen und Kern 
GmbH, Bad Bramstedt, Germany) were 
deployed. On the harbour seals, a 
resin-embedded single channel logger 
with 8 MB flash RAM, 16 bit resolution, 
with maximum dimensions of 73 x 33 x 
19 mm and a weight of 35 g in air (Fig. 
9) was used. The Hall sensor (6 x 3 x 2 
mm, KSY 10, Siemens GmbH, 
Germany) was also coated in resin and 
connected to the logger by a 4-strand 
Figure 7. The satellite transmitter (PTT) SPOT2-tag from 
Wildlife Computers. 
Figure 8. The satellite transmitter (PTT) 
SPOT3-tag from Wildlife Computers.
Figure 9. The in resin embedded Inter-
Mandibular Angle Sensor (IMASEN) used on 
the harbour seals, showing the cable linking the 
Hall sensor to the logging unit. 
battery water switch 
water switch 
battery 
cable to sensor 
logger 
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cable and a plug (see Wilson et al., 2002 and later for details).  
On the Weddell seals, a slightly different version was used where the 
circuit board and battery were housed in a titanium cylinder (140 x 20 mm) with 
the cable exiting at one end via an O-ring seal. The cylinder was filled with silicon 
oil to negate problems with hydrostatic pressure on air spaces via a special, O-
ring-sealed opening. The logger had a 16 MB flash memory, 16 bit resolution and 
a weight in air of 86 g (Fig. 10). The cable and sensor were identical to the one 
described above.  
Both IMASEN units could be set to sample at frequencies of up to 30 Hz. 
The Hall sensor produced an output proportional to magnetic field strength 
intensity so that the proximity of a magnet could be well defined. In my 
application, a slightly-bent neodinium boron magnet (30 x 25 x 3 mm, 
Vacuumschmelze GmbH and Co, Hanau, Germany) was placed under the seal’s 
lower jaw, behind the mandibular symphysis while the Hall sensor was placed on 
top of the upper mandible, behind the nose (Fig. 10) so that, after suitable 
calibration, jaw angle could be 
determined to allow 
examination of feeding 
behaviour (see Liebsch, 2002; 
Simeone & Wilson, 2003; 
Wilson et al., 2002). The 
accuracy of the system 
depended critically on the 
placement of the magnet with 
respect to the sensor, but 
resolution of seal jaw angle to 
within 3 degrees was typical.  
 
Figure 10. The titanium-housed Inter-Mandibular Angle 
Sensor (IMASEN) deployed on a Weddell seal. 
logger cable to sensor 
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2.2.4 The release mechanism 
The electronic component of the release mechanism, the timer (60 g, 75 x 
37 x 20 mm), consisted of a resin-encased programmable chip linked to a quartz 
crystal with the facility to turn on a circuit in which current flows. In an earlier 
version the timer was powered by a separate 3.6 V Lithium battery (in a titanium 
housing). A Sanyo CR123A 3 V Lithium battery (in a separate titanium housing) 
powered the circuit, which ultimately produced considerable heat along a defined 
stretch of wire inside a burn-chamber (Fig. 11). This heat was used to burn 
through a nylon thread holding the complete seal-attached package in place (see 
below) and thus release it. The 
unit could be programmed (via 
infra-red interface) to be 
triggered to a specified second. 
To facilitate production 
and improve reliability, the later 
version of the release 
mechanism only had one resin-
encased 9 V Lithium battery 
(Ultralife, USA) to power timer 
and circuit. Instead of the burn-
chamber, the negative pole of 
the circuit was connected to a 
copper-electrode (attached to the side of the battery) (Fig. 12) and the positive 
pole to a needle, which functioned as an anchor point for the nylon thread to the 
package (Fig. 13). Once the circuit was closed and the seal was in the water, 
within 5 – 10 minutes, the needle dissolved due to electrolytic corrosion.  
Figure 11. The timer used to release the package from the 
seal. The burner is shown as well as the two battery 
housings containing the power cells for both the burner 




2.2.5 The housing and attachment  
Floatation body & neoprene base 
For the work carried out on Harbour seals, a method had to be used which 
ensured a safe attachment during long periods (of up to 3 months) and allowed 
self-release from the animal. As the tagged animals could not be caught a 
second time to retrieve the device for logistical and financial reasons, a pop-up 
system was used, with the devices being housed inside a positively buoyant 
exterior shell. 
During the whole MINOS project and all autumn deployments of the 
MINOS+, all four elements described above were incorporated in a specially-
moulded, hydro-dynamically-shaped flotation package (280 g, 210 x 90 x 65 mm) 
made of a 70:30 mix of resin (Glosscoat NL, VOSSCHEMIE, Germany) and 
glass beads (B-Spheres Gr.2, OMEGA Minerals, Norderstedt, Germany) (Fig. 
14). This was slid into a neoprene pocket with 7 laterally-extending legs 
terminating in feet on which plastic grids (30 x 30 mm) were sewn (Fig. 15). The 
floatation package was held within the pocket by a nylon thread attached on one 
end to the anterior foot and at its other end to the timer (see above).  
Due to the extended memory capacity of the devices used during 
MINOS+, they were able to cover the period between the spring deployments 
Figure 12. Electronic corrosion release mechanism 
with copper-electrode and resin-embedded 9 V 
block.
Figure 13. Needle as an anchor point for the nylon 
thread to the package and the positive pole of the 
electronic corrosion release mechanism.





(March – April) and the annual moult 
(June – August) (Burns, 2002) at a 
sufficient sampling frequency. Under 
these conditions, the release 
mechanism could be set aside and 
the flotation package shaped a little 
smaller (250 g, 200 x 95 x 70 mm). In 
addition, the neoprene base could be 
reduced to one layer with the 7 
laterally-extending legs, attached to 
the underside of the package (Fig. 16).  
To ensure the retrieval of the package, a label was attached to both sides 
of the housing with contact information and a reward note, in case it was found 
by beach-walkers. 
Gauze mat base 
Unlike the situation with the Harbour seals, the projected tagging periods 
for the Weddell seals were relatively short (4 - 8 days) and the animals could be 
recaptured to retrieve the devices. Consequently, the package needed no 
flotation element and single components could be attached separately on the 
Figure 15. The neoprene base to which the 
floatation body is attached. The protruding legs are 
stuck to the seal’s fur at their ends, the contact 
being enhanced by grids sewn to the material. 
Figure 16. Package without release mechanism 
used during the spring deployments on harbour 
seals. 
Figure 14. Flotation package incorporating the 






animals. Nevertheless, the dead-
reckoners were housed in the same 
material described above to prevent 
them from mechanical damage. To 
attach, and easily remove, devices 
from the Weddell seals, a gauze mat 
base was used with 4 laterally-
extending legs and loops into which 
the devices could be slid and 
secured with cable ties or hose 






Figure 17. Dead reckoner in housing deployed on a 
Weddell seal with gauze mat  base glued into the 
seal’s fur at the 4 laterally-extending legs. 
dead-reckoner in housing 
24
2.3 Preliminary trials on captive animals 
In order to test the proper functioning of the devices itself on the animals 
and the way of attachment, several trials were conducted on captive harbour 
seals at the Seal Centre in Friedrichskoog, Germany. Under the controlled 
conditions there, the animals’ reactions towards the devices and attachment, as 
well as their functioning could be observed. 
2.3.1 IMASEN trials 
The trials in July 2003 complimented previous work conducted there 
(Liebsch, 2002) and sought to produce a relationship between fish size and 
sensor output. 
At the Seal Centre an adult lactating female harbour seal (Phoca vitulina),  
housed in a large pool (with ca. 280 m³ of water) with underwater viewing, was 
trained, through the process of positive reinforcement, to be accustomed to the 
device-fitting process. For this the seal underwent daily training and feeding 
sessions, during which it learnt to position itself next to a specific target (a ball on 
the end of a stick) so that the technology could be attached. Attachment of the 
Hall sensor was complicated by seal anatomy; the head has loose jowls around 
the side of the mouth and the comprehensive covering of fur and generally loose 
skin meant that it proved difficult to select a site with minimal movement except 
for that involved in jaw opening. Finally, the sensor was placed on top of the 
nose, between nose and eyes, and the magnet under the lower jaw, behind the 
mandibular symphysis (Liebsch, 2002). The sites chosen were cleaned with 
acetone and dried off using a towel. The magnet, sensor and IMASEN (recording 
at 20 Hz) were glued to the fur using cyanoacrylate glue (Sekundenkleber, UHU 
GmbH, Germany) with the cable leading from the sensor on top of the nose 
between the eyes to the IMASEN which was positioned on top of the animals 
head.  
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A time check was made between the IMASEN and a digital video camera, 
which filmed the whole procedure, by bringing a second magnet close to the 
attached Hall sensor 5 times in rapid succession. This signal was recorded by 
the IMASEN and the camera and allowed us to ensure synchronicity between the 
two records. The process was repeated at the end of the experiments. Then, to 
allow a calibration to be constructed between jaw-opening angle and Hall sensor 
output, the trainer slowly opened the seal’s mouth and closed it again, holding a 
measuring tape in front of the mouth while the process was filmed from the side.  
Two separate feeding trials were conducted when herring (Clupea 
harengus) of differing sizes was fed to the seal. The size and mass of all fish 
were noted before single items were thrown into the water to land about 1 m 
away from the camera in an under-water housing, positioned in the water about 5 
m away. The seal was allowed to swim to the fish to catch it, by which time the 
fish had generally sunk down directly in front of the camera, providing excellent 
side-on footage of the seal’s prey handling. After ingestion, the seal turned 
around and returned straight to the trainer, awaiting the next event.  
At the end of the trials, sensor and IMASEN were removed carefully by 
cutting them loose from the fur with a scalpel. The magnet came off after two 
days due to corrosion of the glue in salt water.  
2.3.2 Attachment trials 
After the recapture of an animal which had been tagged during a previous 
deployment and which was still carrying the base used to attach devices, even 
though it had moulted in the meantime, it became obvious, that the method 
described in Orthmann (2000) was inappropriate: Here, the extensive glue base 
had splintered and shards were perforating the seal’s skin causing infection. The 
large glue surface (200 x 300 mm) and the inflexibility of the hardened glue 
caused this problem. Another material was therefore chosen (neoprene) to 
ensure adequate flexibility for the device housing. In addition, the glue-surface 
was reduced to 7 single spots, each 30 x 30 mm at the end of legs laterally-
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extending from the neoprene base (see above).  
A prototype of that base, with a dummy device package attached to it, was 
deployed on an adult male harbour seal at the Seal Centre in June 2001, well 
before the moult (Fig. 18). Under these controlled conditions the animal’s 
reaction to the attachment could be observed in addition to the ease with which 




Figure 18. Attachment trial of a prototype neoprene base with device dummy on a captive
harbour seal at the Seal Centre in Friedrichskoog.
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2.4 Deployment and recovery of the devices in free living seals 
2.4.1  Device programming 
Before devices were deployed on seals the dead-reckoners were started, 
usually with a delayed start time, and set to record (all channels) at frequencies 
of once every 1 or 2 s (for the Weddell seals) and 3, 5, 15 or 20 s (for the harbour 
seals), depending on the memory capacity and the period over which the devices 
were projected to log. These recording intervals give maximum logging lives 
between 4 and 99 days, with the temporal resolution being directly inversely 
proportional to the maximum logging life.  
The IMASENs have to record at minimum frequency of 5 Hz in order to be 
able to resolve prey ingestion events (Liebsch, 2002; Wilson et al., 2002) so all 
units were set to record at least at this rate which gave a maximum life of 9.3 
days. 
The PTTs were programmed so that they transmitted for the complete 
period over which the dead-reckoners were projected to log plus an additional 21 
days, to allow the units to be recovered. Therefore, the allowances of maximum 
transmissions per day were limited between 200 and 500.  
The timers were set to release at about the time the dead-reckoners were 
projected to be full. 








2.4.2 Capture and immobilisation 
Harbour seals 
 
Seals were caught using methods described in detail by Jeffries (1993). 
Briefly, a small ship sailed parallel to, and about 100 m from, the coast, heading 
past animals lying on one side of an extensive sandbank. Bound to this ship was 
a smaller speed boat which, at about the time half the animals had been past, 
moved quickly 
away in the 
direction it had 
come, dragging 
one end of a long 
seine net behind 
it. When the first 
animals 
encountered had 
been passed for 
the second time 
by the boat 
moving back on its tracks, this boat moved into the sandbank (Fig. 19). At the 
same time the mother ship maintained its course but accelerated, dragging the 
other end of the net with it, and covering the second half of the animals to be 
captured until it then also 
moved quickly into the sand 
bank. Helpers from both 
craft jumped out and then 
pulled the net onto land, 
bringing the seals with it. 
The seals were removed 
from the net and put into 
Figure 19. Two boats bringing out a seine net in front of harbour seals
hauling out on the sandbank Lorenzenplate. 
Figure 20. A harbour seal captured and restrained in a ring net. 
seals hauling-out 
on the sandbank 
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smaller ring nets (Fig. 20) with their heads facing away from the sea awaiting 
attention. For the full period that the seals were on  
land being treated they were continually wet with seawater to minimize 
thermal stress. The animals undertook a veterinary examination before being 
equipped with devices to ensure that they were in suitably good condition and to 
document their status for the records. To facilitate the attachment procedure and 
reduce the handling stress for the animal, they were strapped to a specially-
designed bench (Fig. 21). With half the head projected over one end of the crib 
with the neck resting in a semi-circular hole in a slat placed in the bench, one 
person was sufficient to secure the animal’s head while another glued the 
magnet and the sensor to the jaw of the animal without getting bitten. For very 
aggressive animals, a piece of doweling was held between the teeth of the 
animal and its eyes were covered with a wet towel to reduce visual stimuli (Fig. 
22). 
Weddell seals 
At the time of the campaign (early spring), the inlet was completely 
covered with sea ice, on which the seals lay close to cracks in the ice. As they 
were not used to any threat while hauling out, they could be easily approached 
and immobilized for device attachment as described in Bornemann and Plotz 
Figure 21. A captured harbour seal restrained on a bench
with complete package glued in place. 
Figure 22. Harbour seal restrained on a 




(1993) and Bornemann et al. 
(1998). 
Briefly, from a distance, 
an obviously non-lactating 
sleeping female was chosen, 
with care taken not to choose 
an animal lying too close to the 
ice cracks. One person 
approached the animal 
carefully and applied the narcotic drugs using Telinject blowpipe darts (Fig. 23). 
The drugs consisted of a ketamine, xylazine and hyaluronidase mixture, followed 
by a second shot of diazepam. Where necessary, the immobilization could be 
maintained, by injecting a follow-up dose of ketamine by hand. The effect of the 
narcotic drugs was neutralized through the antidote yohimbine (for detail see 
Bornemann et al., 1998).  
Of the 7 animals immobilized for this work, unfortunately one animal died, 
presumably of asphyxia, during the procedure. 
2.4.3 Device attachment & recovery 
Harbour seals 
Initially, the site to be used for attachment of the devices was cleaned with 
seawater (to remove excess sand) and then cleaned and dried using acetone. 
The floatation body with 
incorporated elements was 
glued with Devcon epoxy 
(Danvers, USA). This glue was 
applied to the grids on the feet of 
the neoprene carrying pocket 
and the feet then held in position 
on the seal with the complete 
Figure 23. Darting of a Weddell seal with a blowpipe to 
immobilize the animal.
Figure 24. Harbour seal taking off after being equipped
with the package. 
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package being placed on the latter third of the animal, dorsally, midline (Fig. 24) 
following suggestions made by Bannasch et al. (1994) to minimize hydrodynamic 
drag. Animals that were also to be equipped with IMASENs were held in the 
special bench to immobilize them (see above) and the Hall sensor glued behind 
the seal’s nose. The connecting cable was then run directly back, between the 
eyes, over the back of the head and then along the length of the back to the 
floatation package, being glued by spots of Devcon epoxy (Danvers, USA) at 
intervals of about 20 cm.  Finally, a single neodinium iron boron rare earth 
magnet (15 g, 33 x 29 x 3 mm, 
VACUUMSCHMELZE, Hanau, 
Germany) was glued to the animal’s 
chin, approximately opposite the 
Hall sensor (Fig. 25).  
After the release of the 
devices from the animals due to the 
annual moult or the release 
mechanism, the packages floated at 
the surface, until they were washed 
ashore. There, they were either 
located from the satellite 
transmissions (if the PTT was still transmitting) or they were found by people 
walking along the beach.  
Weddell seals 
The Hall sensors and magnets were positioned exactly as described for 
harbour seals (see above) while the IMASEN (set to record at either 6 or 10 Hz) 
was placed on top of the animals’ heads by gluing the gauze mat base into the 
fur and attaching the loggers to it by using hose clamps. The dead-reckoners (set 
to record at 1 or 2 sec) were attached to the backs of the animals behind their 
shoulders using cable ties to bind them to the gauze mat glued into the fur. The 
glue used was fast-setting Araldite two-component epoxy (Ciba-Geigy 
Figure 25. Details of the emplacement of the Hall 
sensor (behind the nose) and rare earth magnet (under 




Corporation, USA) whose curing time was accelerated during cold conditions by 
using a hair dryer powered by a small portable generator.  
To retrieve the devices, the animals were immobilized again and the 
IMASEN and dead-reckoner taken off by cutting the cable ties or loosening the 
hose clamps. As the sensor could not be removed, the cable was cut as close to 
the sensor as possible. Four seals were equipped more than once so, in these 
cases, the sensor only had to be glued on top of the previous one, while the 
bases could be used again to attach the IMASENs and dead-reckoners as 
described above. After the last deployment (a maximum of three deployments 
per animal) all loose parts of the bases were also removed, leaving only the 





2.5 Treatment of collected data 
2.5.1 Dive analysis 
Dive analyses from serial depth data derived from pressure transducers 
(Time Depth Recorders - TDRs) are conventionally based on assessment of 
changes in depth over time (e.g. Williams et al., 2000). These data are 
graphically represented as depth on the y-axis versus time on the x-axis (see 
later). Dive analyses typically look for points of inflection in these graphical 
representations and quantify the change in depth and time that has occurred 
between them (Schreer & Testa, 1996). We used MT-DIVE (Jensen Software 
Systems, Laboe, Germany) to carry out these analyses. The program projects 
the dive data over time on the computer screen and, following defined points of 
inflection criteria set by the user, uses cursors to mark the putative points of 
inflection on a dive by dive basis. The position of these cursors can be assessed 
by the researcher and changed if found wanting. Three major phases during a 
dive are identified by the position of the cursors: the descent, the bottom phase 
and the ascent phase. Having ascertained that cursor position is correct for any 
particular dive, the program user confirms this and the dive parameters resulting 
from it are stored in an output ASCII file pending further analysis. Parameters 
identified by the program as a result of this approach are: 
Date and time of dive 
Duration of dive 
Duration, speed, angle of descent and vertical velocity of the descent phase 
Duration, speed, angle and vertical velocity of the bottom phase 
Duration, speed, angle of ascent and vertical velocity of the ascent phase 
Duration of the inter-dive phase. 
Minimum and maximum depth. 
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Initial assessment - dive profile categorization 
Dives can be broadly categorized according to definitions given by Le 
Boeuf et al. (2000) and Schreer & Testa (1995; 1996) and fall into one of two 
major categories; U- and V-dives (Fig. 26A & B), with U-dives having an 
extended bottom phase whereas in V-dives the point of maximum depth is only 
briefly reached before the animal returned to the surface. All dives were ranked 
as either ‘V-shaped’ or ‘U-shaped’ before being treated further. 
2.5.2 Movement analysis 
PTT data 
PTT data were collected and sorted according to the ARGOS ranking: 3, 
2, 1, 0, A and B (for definitions of these see Taillade, 1992). Qualities 1, 2 and 3 
were used to give positions used to correct for dead-reckoner drift (see below). 
Otherwise, in maps constructed to show animal position, the fix qualities used 
are specified where appropriate. It should be noted, however, that analysis of the 
PTT data was further complicated by the fact that all units were programmed to 
release after a certain time and transmit their position while being washed ashore 
Figure 26. Example of a U-type (A) and V-type (B) dive executed by a harbour seal. 
A B
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(see above). In cases where PTTs were recovered together with the loggers 
periods and positions could be ascribed definitively to those occurring while the 
units were on the seals. Cases where the loggers were not recovered were more 
problematic since there was no independent confirmation when the PTTs were 
on the seals. Thus, the PTT distributional data derived from such units were 
treated separately, with positions being taken as those relating to seal on a 
‘common sense’ basis (primarily based on other confirmed data). Consequently, 
until these positions can be independently verified, these results should be 
treated with caution. 
Dead-reckoner data and the determination of 3-d trajectories  
 
Data from the three compass channels, the pitch and roll channels as well 
as speed and depth are needed in order to reconstruct seal routes using vectors 
(Mitani et al., 2003; Wilson & Wilson, 1988). The seal routes were calculated 
using MT-ROUTE (Jensen Software Systems, Laboe, Germany) which produces 
ASCII output files for animal position with, and without correction for drift (see 
below) for every sampling interval recorded by the dead-reckoner. The compass 
channel data were put into perspective by defining the orientation of the unit with 
respect to gravity as demonstrated by the pitch and roll channels. The heading 
taken by the animal was then calculated according to Caruso (2000). Essentially, 
for a compass in a local horizontal plane, the roll and pitch angles are zero and 
the heading can be calculated as: 
Heading = arcTan (YH/XH)  (1) 
where XH and YH represent the earth’s horizontal magnetic field 
components. As the device is rotated, the heading sweeps 0° to 360° referenced 
to magnetic North. Tilts in the device require that all three magnetic field 
components (X, Y and Z) be used to calculate heading. Tilt angles in the system 
deployed are determined via the body orientation sensors (pitch (ν) and roll (θ) - 
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see above) so that X, Y and Z magnetic readings can be transformed to the 
horizontal plane (Xh, Yh) by applying: 
XH = X cos(ν) + Y sin(θ) sin(ν) – Z cos(θ) sin(ν)  (2) 
YH = Y cos(θ) + Z sin(θ)  (3) 
where θ is the pitch angle (from the horizontal) and ν is the roll angle (from 
horizontal). 
Thus, once the magnetic components are found in the horizontal plane, 
equation (1) can be used to determine heading. To account for arcTan limits, the 
heading calculations must account for the sign of the Xh and the Yh readings 
according to: 
Heading for: 
(XH < 0)  = 180 - arcTan(YH/XH) 
(XH > 0, YH < 0) = - arcTan(YH/XH) 
(XH > 0, YH > 0) = 360 - arcTan(YH/XH) 
(XH = 0, YH < 0) = 90 
(XH = 0, YH > 0) = 270 
 
Having derived the seal heading for every measurement interval the route 
was reconstructed using the animal release point as the start point or any other 
point defined by a PTT fix of quality 1 or above (see PTT data above). The extent 
of horizontal movement between any one point and other between times t and 
t+1, where the time difference was 1 s, was given by: 
 ))(( 22 dtdDVM −=   (4) 
where V = speed (m/s) and dD/dt = rate of change of depth (m/s). 
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The position at any time t+1 was given by: 
(PN, PE) + ( ))(( 22 dtdDV − ) cos(ξ), ( ))(( 22 dtdDV − ) sin(ξ) (5) 
where PN is the position from a given point in direction North at time t (m), 
PE is the position from a given point in direction East (m) at time t and ξ is the 
heading (°) taken over the time interval t+1. As in the example for derivation of 
heading (above) care must be taken that the sine and cosine values are 
applicable according to heading angle ξ. 
Problems with the determination of seal speed were encountered due to 
silting up of the axle used in the moment-arm arrangement of the transducer so 
that only higher speeds were recorded (see below). Seal swim speed could be 
determined at any time where there was appreciable change in depth, such as 
occurred during the whole of the descent and ascent phases as well as at times 
during the bottom phase. This was most easily resolved where sampling interval 
was short (Table 1; p. 145). In order to derive a value for swim speed while 
animals were moving along the bottom (movement, in any case, being indicated 
by the body orientation sensors - see above) work was specifically undertaken on 
the animal (A) that swam directly from the Lorenzenplate to Helgoland. This 
particular case was rather an exception to the central place foraging movements 
normally exhibited by seals (see below) and allows bottom travelling speeds to 
be assessed because the animal moved from one well-defined seal resting spot 
to another at another location. In the determination of seal speed during the 
bottom phase of dives, the real swim speed of the animal was calculated during 
all descent and ascent phases of the dive using: 
V = (dD/dt) / sin(ψ)  (6) 
where V is the swim speed, dD/dt is the rate of change of depth and ψ is 
the dive angle. These swim speeds were then used in extensions of equation (1), 
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(4) and (5) and to calculate the fraction of the distance between the 
Lorenzenplate and Helgoland, according to the route taken by the animal 
covered during these periods. The remaining distance was then divided by the 
time spent underwater covering this distance to derive a mean travelling speed of 
1.41 m/s. This assumes that travelling speed for animals breathing at the surface 
is zero. We note that this value accords closely with the mean values derived for 
the descent and ascent phases (x = 1.38, SD 1.38, N = 41167 & x = 1.28, SD 
1.19, N = 33994, respectively) as well as that documented by Sato et al. (2003) 
and Williams et al. (2004) for Weddell seals. The relative invariance of these 
value augers for animals swimming at their lowest cost of transport, something 
that is expected (Culik et al., 1994; Schmidt-Nielsen, 1995; Williams, 2001; 
Williams et al., 2000; Williams et al., 2004). We note that construction of foraging 
routes with inaccurate values for the bottom speeds results in errors that are zero 
at the points of departure and return to the PTT-defined haul-out spot but which 
increase to maxima at the mid-point of the route. Confidence limits set around 
foraging tracks can be drawn to indicate how positional error might change over 




 Absolute distances moved over the sampling intervals were derived from 
the measurements of speed and the horizontal distance moved over any one 
sample interval was derived from the absolute distance D and pitch angle of θ, 
(between time tn and tn+1) according to: 
   d = D cos(θ)  (7) 
 Assuming the animal’s position at tn to be (xn,yn), and its heading to 
be ξ, then its position at tn+1 was calculated via: 
Position = (xn + d sin(ξ)), (yn + d cos(ξ))   (8) 
Figure 27. A route determined by the dead reckoner with different travelling 
speeds during the bottom phase, considered to be at the upper and lower edge of 
the normal range (black: 1.4 m/s; blue: 1.0 m/s; red: 1.8 m/s). 
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Substituting from (7) the position at tn+1  
= (xn + (D cos(θ)) sin(ξ)), (yn + (D cos(θ)) cos(ξ))  (9) 
This process was carried-out starting with step one at t = 0 through to the 
last position, with the animal’s position being changed in a cumulative manner. 
Where the end position of the equipped animal was known, taken to be (xrealend, 
yrealend), the calculated position (xcalcend, ycalcend) was compared to give the total 
positional error as;  
= (xrealend, yrealend) - (xcalcend, ycalcend)   (10) 
Assuming drift to be constant over time, the error per measurement 
interval is;  
= ((xrealend, yrealend) - (xcalcend, ycalcend))/n  (11) 
Using equations (9) and (11), the best estimate for animal position at any 
time tn+1 was corrected to be;  
 
= ((xn+(Dcosθ)sinξ),(yn+(Dcosθ)cosξ))+((xrealend, yrealend)-(xcalcend, ycalcend))/n     (12) 
 
Dead-reckoner and the Area Activity Index (AII) 
 
Initially a definition of 2-dimensional track tortuosity was produced based 
on the horizontal straight line distance travelled by an animal over a defined time 
period (encompassing m sampling periods) divided by the total horizontally-
travelled distance calculated by summing the horizontal distance travelled during 
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each measurement interval from n to n + m. This process was only applied where 
animals were known to be travelling rather than resting in one spot. 
Mathematically, this is:  
   
 (13) 
 
In order to define some measure of Area Interest Index (AII), this value 
was subtracted from 1 so that straight line travelling had values of 0 and circular 
movement within the specified time interval had a value of 1 (Fig. 28). Thus; 
 
m was set equal 2 in all future calculations of AII referred to in this work. 
This approach shows how the tortuosity of tracks varies with time but does not 
adequately allow the variation in tortuosity of tracks as a function of scale to be 
assessed if step length remains constant because high levels of small scale 
tortuosity impact the lower term in eqn (14) even if m is increased. To eliminate 
this problem x, y positional data were run once to calculate the AII before being 
progressively thinned to increase the step length (Fig. 28). The AII calculation 
was then re-run while holding m constant at 2. Thus, although the absolute 
integer value of m remained constant, its effective value in terms of time varied, 
becoming larger with greater thinning. In order for the values of AII from each run 
to be completely independent of the preceding run, the thinning out process 
nominally involved removing every other point at each subsequent stage. Thus, if 



































increasing scale assessment (Fig. 28). This produced the data necessary for a 3- 
dimensional matrix of AII against time as a function of scale and these data were 
Figure 28. (A) Theoretical path of an animal showing a loop in the overall straight course but subject to
increasing thinning (top to bottom) by deletion of every other point so that small scale resolution of 
movement becomes increasingly filtered out. (B) shows the AII (m= 2) for the various tracks. Note that the 
highest values occur when16 points have been deleted and that the loop is composed of ca. 16 points in the 
finest resolution. (C) shows a 3d plot of the Area Interest Index (vertical axis) versus time and degree of






















































subsequently gridded using the program Surfer (Golden Software) according to 
the default setting using kriging as the methodology. It should be noted here that 
the precise method by which this gridding occurs will affect the resultant picture 
substantially and this should be given careful thought (although discussion here 
is not warranted). The subsequent plot was also undertaken using Surfer (Fig. 
28) with the plots being improved by thinning data less than by simply removing 
half the points at each stage, although the interdependence of adjacent points on 
the surface must be borne in mind. 
2.5.3  Feeding analysis         
The recorded logger-data from the captive harbour seals were 
downloaded on a laptop computer. Subsequent inspection of the video footage 
allowed estimation of the distances between the jaw articulation and the magnet 
and sensor (from the calibration procedure) so that jaw-opening angle could be 
calculated using standard trigonometry. These angles were then related to 
sensor output using curve-fits from Tablecurve 2D (v5.00, Systat Software Inc., 
USA) before the whole data set was transformed into jaw-opening angle 
(Liebsch, 2002). The video footage also proved particularly useful in identifying 
feeding events and relating certain patterns in the data to specific jaw 
movements. The calibrated data were analyzed using MT–Beak (Jensen 
Software Systems, Laboe, Germany), which calculated maximum jaw-opening 
angle, duration and integral (under the angle-time curve) for every feeding event. 
These results were then compared with the measurements from the prey objects 
taken. 
The recorded IMASEN data from free-ranging animals were processed in 
a manner similar to that described to the work on captive animals. The dive data 
were analyzed using MT-Dive (Jensen Software Systems, Laboe, Germany) and 
the swim routes calculated using MT-Route (Jensen Software Systems, Laboe, 
Germany). Based on the common time base used by both IMASENs and dead-
reckoners, feeding events could be related to geographic positions, depth and 
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movement patterns. 
2.5.4  Data merging 
Data derived from the various analyses (dive types, positions, AIIs and 
feeding events) were merged together using the program KOORD2METER 
(Jensen Software Systems, Laboe, Germany). This program identified particular 
conditions (behaviours, positions etc.) from two different output files from any of 
the analyses according to time and date and merged them into a single file so 
that, for example, the geographic positions where particular types of behaviour 
occurred could be determined. 
2.5.5  Pseudo- and over- representation 
Positional data 
In order to correct for sample-based over-representation in the 
presentation of data, the positional data were treated so that all animals had a 
number of positional fixes from the dead-reckoners equal to the minimum 
number recorded on any foraging trip. This amounted to around 50,000 points 
and necessitated that the data from animals be thinned according to the 
conditions set out in Table 1 (p. 145). 
Dive data 
In presentation of the dive parameters, all data from each animal were 
graphed out together, irrespective of the number of foraging trips, to derive 
general relationships (primarily parameters such as dive duration in relation to 
maximum dive depth - see later). These relationships were determined by 
standard regression procedures before means per maximum depth interval from 
all animals were compiled to derive a grand mean of them to eliminate errors due 
to pseudoreplication. When not stated explicitly, dive data are presented 
according to this scenario. 
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Chapter 3 Results and general interpretation 
3.1 Harbour seals - North Sea – MINOS 
Of the 39 devices deployed between April 2002 and December 2004, 27 
were recovered by mid 2005. Two were recovered by people specifically seeking 
the packages following data generated from the PTT giving the position of units 
that had drifted to land while 25 were found by passers-by. The periods logged 
by any of the devices ranged from just a few hours to 94.1 days (Table 1; p. 145). 
For further analysis, in this thesis only 9 of the recorded datasets were used, with 
the shortest being 9.4 days and altogether adding up to a total of 363.3 days of 
data (more than 4.9 million recordings), during which the seals performed 
104,285 dives. Three animals had been equipped on Rømø, contributing 64,911 
dives to the dataset while the other 6 animals from the Lorenzenplate performed 
altogether 39,374 dives (Fig. 29). All other datasets were too short to document 
proper diving activity from at least one complete foraging trip and were therefore 
neglected due to the biases 
that they might generate. 
For 3 out of the 6 animals 
from the Lorenzenplate no 
geographic positions were 
calculated due to device 
malfunctions in the 
compass channels or 
missing satellite positions 
during the deployment 
period (necessary for 
correction of drift – see 
earlier). From the remaining 
6 datasets, movement from 




time of yearFigure 29. Schematic diagram to show periods when 
harbour seals were successfully equipped providing data for 
the periods shown (red: route and dive data; blue: dive data 
only; black: data neglected in this study). Note that a 
successful equipment requires that the logger be deployed, 
recovered and contain viable data. 
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48 Harbour seal foraging trips could be calculated. Between 1 and 12 trips were 
made by each animal, lasting between 13.6 and 363.6 h (mean: 109.3 h; SD: 
84.3). The deployments allowed us to cover a substantial proportion of the year 
although there are still periods where seal foraging behaviour was not 
documented. 
3.1.1  Area Use 
Seal area use as determined by PTTs 
The satellite tracking systems showed considerable error in positional 
estimates, even if only data with fixes of quality 1-3 were used (Fig. 30). This was 
apparent by the relatively large number of fixes on land. Erroneous fixes that 
occurred at sea cannot readily be identified as such although the error may be 
equivalent to that of the land fixes. The PTT data are likely to be highly biassed 
towards fixes in the vicinity of the haul-out site due primarily to area-dependent 
differences in the proportion of satellite uplinks stemming from particular diving 
behaviour (see below, Trost, 
2004). The methodology is 
partially to blame for this. 
Following suggestions in 
Bannasch et al. (1994b) based on 
considerations of hydrodynamics, 
the recording package was 
attached to the seals’ lower backs. 
While this reduces drag 
enormously (Bannasch et al., 
1994; Obrecht et al., 1988), 
thereby minimizing deleterious 
package-induced behaviour (see 
Culik et al., 1994a; Wilson & Culik, 
1992; for a discussion of these in 
Figure 30. All PTT fixes with LC > 0 from all 





penguins), it means that the PTT is submerged for most of the time that the 
animal is in the water so that no link with the satellite is possible. Submergences 
which involve the animal rolling with the back out of the water facilitate links since 
the water switch on the tag allows transmission at the exact time the antenna is 
in the air. However, the percentage of such ‘rolling’ dives appears extremely low 
during normal foraging compared to behaviour around the colony. Other workers 
have reported a much higher percentage of fixes by attaching PTTs to the 
animals’ heads (B.McConell pers.comm). Although this will help define foraging 
areas better, the genuine quality of the derived data is questionable due to 
device effects (Ellwodd et al., in press). Thus, head-mounted PTTs are 
unacceptable but back-mounted PTTs produce serious biases in area use (see 
later). Nonetheless, occasional good quality fixes from back-mounted PTTs are 
important for correction for drift in vectorial calculations of animal position derived 
from dead-reckoning. It is thus informative to note the distributions of area use by 
the animals here as elucidated by the PTTs but it will not be discussed further. 
Seal area use as determined by dead-reckoners (All data) 
The dead-reckoning technology allowed us to quantify the routes taken 
over 48 foraging trips from 6 animals (Fig. 31). Analyses (see later) indicates that 
time spent in the Wadden Sea area is, however, not specifically associated with 
foraging. Details of the various routes taken and the behaviour that occurred on 
these routes are presented below. Here, the data are simply compiled to show 
the time-dependent area use for all animals (Fig. 32) although these data are 
subject to pseudoreplication. This procedure is avoided in the section below but, 
in the interests of maximizing the data set, all data are briefly considered here. 
Tracks displayed a clear base pattern from both tagging sites, where 
animals were mainly heading for the open North Sea in a west-south-westerly 
direction. This ‘transit channel’ is very distinct, especially at the Lorenzenplate, 
whereas it is much wider around Rømø, extending fatherly in a west-north-
westerly direction. The area where the seals spent most time (B and C in Fig. 32) 
reached about 70 km into the North Sea, with a higher density in the outer 2 
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thirds, where they are about 35 km wide. Animals from the Lorenzenplate were 
fairly restricted in movement at sea, and only haul-out sites in the close vicinity 
were used. Also, during one trip a seal travelled as far north as the island of Sylt, 
linking up with the area used mainly by the ‘Danish’ seals. This track went along 
the outer islands of the Wadden Sea, but did not reach further than 30 km into 
the North Sea, still well within the 20 m depth contour line. The seals from Rømø 
exhibited a much wider variance in area use, covering about 3 times the area 
used by the seals from the Lorenzenplate. Beside the area mentioned above, 
where tracks from both sites overlapped, another ‘hotspot’ with a high time 
Figure 31. Examples of 48 foraging trips made by 3 seals from Rømø and 3 seals from the Lorenzenplate
showing variability in the degree of meandering. Note that the outward and return legs show much 
straighter travel than the centre sections of the traces and that there are instances where the animals 




density and a diameter of about 60 km occurred west-north-west of Blavandshuk 
reaching about 100 km into the North Sea from the tagging site (A in Fig. 32). 
Between these three main spots, the area was used with a fairly uniform high 
density. Even though the ‘Danish’ seals returned to Rømø between most trips, 
they used different haul-out sites on the island and even the mainland north of 
Rømø several times.  
Pseudoreplication-corrected data 
The pseudoreplication-corrected data for area use of the seals (Fig. 33) 
showed a similar, but clearer, pattern to that obtained using all data although the 
distribution of time within these limits differed. In particular, the area around 
Helgoland gained substantially in apparent importance although this was due to a 




Density per km2 
Figure 32. Kernel analysis of all positional data derived from dead reckoners deployed on harbour seals for
the study period. Reference to areas marked A-C is made in the text. Data corrected for pseudoreplication 
are shown in Fig. 33. 
20 km 
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being ascribed the same number of points, but moving over a much greater area, 
could not achieve an area density equivalent and appear under-represented (cf. 
Fig. 32 & 33). Both the pseudoreplication-corrected, and the complete data set 
show that all equipped seals occupied areas within ~ 100 km off the coast and ~ 
80 km off the nearest land in water between 0 and 40 m deep although there is a 
clear bias to water between 10 and 20 m depth. Although the representation of 
time spent in the various areas is useful in a general sense, it is advantageous to 
detail the various behaviours observed by the seals before ascribing them to 
particular positions and then consider the importance of specific areas. 
Before doing this, however, it is instructive to highlight the substantial 
differences that there are between the PTT-derived positional data and those 
taken from the dead-reckoners for all data (irrespective of activity) associated 
with the position (Fig. 34). It is important to note that PTT-derived data imply an 
area usage that is much more coastal than the dead-reckoners and cognisance 
of this is critical with regard to any data gathered in the future using satellite 
Density per km2 
Figure 33. Kernel analysis of positional data derived from dead reckoners deployed on harbour seals for
the study period. These data are corrected for pseudoreplication and are so presented that all animals are
represented equally, irrespective of how many foraging trips they undertook. 
20 km 
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telemetry. Reasons for this have already been discussed above. 
3.1.2  Behaviour 
Behaviour on land 
It is not the object of this study to examine the behaviour of harbour seals 
on land in detail. Haul-out sites in the North Sea area are well known and 
documented by NPA (1998). Presence of the animals on land was indicated 
clearly by the loggers where the pressure sensor never deviated from a value of 
0 m, temperature was highly variable and the pitch-roll and compass sensors did 
not change for extended periods. All equipped animals spent 19 % of their time 
on land, with the mean time per haul-out being 6.2 h (SD: 4.6; N = 117 from 13 
animals; (Trost, 2004). 
Density per km2 
Figure 34. Kernel analysis of positional data derived from dead reckoners (blue) and PTTs (red) to
demonstrate differences in apparent area use according to methodology. 
20 km
52
Behaviour at sea 
Seal diving behaviour was superficially similar across animals. Dives 
occurred in discrete bouts (as defined by Kooyman, 1989) with most bouts 
separated by periods on land (see above) although some inter-bout periods 
clearly occurred at sea (Fig. 
35). Various authors have 
used bout-ending criteria to 
determine which periods 
constitute proper bouts so 
that the intervals between 
dives can be appropriately 
allocated to gas exchange 
rather than any other 
process (e.g. Williams et al., 
2004). A plot of the 
frequency of occurrence of 
all inter-dive durations from 
all seals (Fig. 36) 
determined the upper point 
of inflection in this so as to define a 
specific surface interval which could be 
used as a bout-ending criterion. This point 
of inflection occurred at about 100 s so 
that in discussion of surface intervals 
between dives within a bout values are 
only used up to, and including, this length 
of time. Periods within bouts at the sea 
surface (nominally termed ‘surface 
intervals’ - see Kooyman, 1989), used for 
acquisition of oxygen and elimination of 
carbon dioxide, were related to the length 
Figure 36. Frequency distribution of the
surface pause durations of 9 harbour seals in
10 s intervals. An expanded view with a
reduced maximum y-axis is shown to facilitate
visualization of the point of inflection used as
a bout-ending criterion (arrow - see text). 
Figure 35. Example of changes in depth use by a seal ‘A’
over 6 foraging trips lasting about 12 days. Note that the 
periods on land are shown (red arrows) and that shorter 
inter-bout periods at the sea surface (black arrows) also 
occur between extended periods during which diving was 
continuous. 
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of the dive according to: 
Surface interval (s) = 0.772*Depth + 15.62918 (r = 0.38801; P < 0.0001; N = 
98805; Fig. 37). 
 
The extent of the 
time spent at the 
surface is relevant in 
this type of study with 
regard to; (i) the 
percentage time at sea 
that a seal may be 
considered visible by 
observers conducting 
line transects (Kiess, 
2004) and (ii) the 
likelihood that a head-
mounted PTT will be 
able to transmit. 
3.1.3  In search of the definition and function of different dive types 
Based on this study, harbour seals spend 81 % of their lives at sea and 72 
% of that time underwater, it can be assumed that their diving behaviour must 
show a large number of patterns which relate to the particular behaviour engaged 
in at any particular time. In the interests of defining the importance of regions 
visited by these animals an attempt will be made to determine dive function, 
which can then be subsequently related to locality. This requires systematic 
categorization of dives into types based on the parameters that the dead-
reckoners recorded for us. Classic studies examining dive types are based 
almost exclusively on change in depth over time from TDR studies (Baechler et 
al., 2002; Krafft et al., 2002). It is thus appropriate that assessment of the dive 
















Figure 37. Relationship between surface pause < 100s and 
maximum dive depth for 9 harbour seals conducting a total of
98805 dives. Given the large variance in the data from any 
individual animal, data from all animals have simply been
pooled for this without attention to pseudoreplication effects.
Note also that the surface pause durations were not grouped
according to preceding or following dive type. 
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types using changes in depth over time begins with this so as to equate the data 
with published work. However, this will be later enhanced by considering other 
sensors to refine the dive function analysis when appropriate (cf. Davis et al., 
2003). Specifically, dives will be further differentiated according to changes in the 
horizontal dimension using changes in heading, overall AIIs (for definition see 
methods) as well as considering rates of change of depth during the descent and 
ascent (vertical velocities) and changes in pitch and roll. 
Dive shape and duration  
Of the 2 major dive shapes, U- and V-, U-dives usually occurred serially in 
sequences with changes in the bottom depth of adjacent dives varying little (Fig. 
38A) (see Wilson et al., 1996). This is almost certainly because the point of 
maximum depth concurred with the depth of their ‘feeding-horizon’, the seabed. 
There was no such concurrence in the maximum depth achieved during V-dives 
to imply that seals executing these dives descended to the seabed. In fact, 
adjacent, deeper U-dives auger strongly for such V-dives being primarily pelagic 
in nature with animals rarely, if ever, descending to the sea floor (Fig. 38B). 
A B
Figure 38. Top: Overview over a 12 day dataset of a harbour seal. Bottom: Enlargement of the blue 
section marked above. (A) Example of a series of U-dives executed by the seal showing the 
concurrence of the depths of the bottom phases between adjacent dives. (B) Examples of V-dives 
conducted together with U-dives showing how the maximum depth achieved during the V-dive 
does not concur with projected water depth as indicated by the depths of the bottom phase of U-
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In regressions of total dive duration for all dives, whether U or V-shape, 
against maximum depth for any particular animal (Fig. 39), 3 different populations 
of dives became apparent, with a forth grouping that was difficult to assign to any 
particular group although it was unlikely to represent a distinct population in itself.  
¾ One population of dives (‘B-U’, incorporating only the U-
shaped dives, and shown in black in Fig. 39) showed a 
general increase in dive duration with increasing depth for 
dives in excess of ca. 6 m.  
¾ A second, and related, group (‘B-V’, incorporating only the V-
shaped dives, and shown in red in Fig. 39) showed a similar 
trend although the points ran parallel to those of the ‘B-U’ 
group and were closer to the x-axis.  
¾ A third group (‘A’ in Fig. 39) incorporated dives to less than 





Figure 39. Maximum dive duration vs maximum dive depth for a single individual seal and
irrespective of dive type (see text). V-dives are shown in red while U-dives are depicted in 
black. Different populations of dives are apparent.   
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Figure 40. Maximum dive duration vs. maximum dive 
depth for all dives (N = 104285) from all equipped seals 
irrespective of dive type (see text). V-dives are shown in 
red and the separation of U-dive populations into ‘A’, ‘B’ 
and ‘C’ (cf. Fig. 40) is shown by colour-coding (‘A’-type 
dives are green, ‘B’-type dives are black or red and ‘C’-
type dives are blue). 
dive depth. All these dives were U-shaped and within the 
depth range represented there was no significant 
relationship between duration and depth for any animal. 
¾ A forth group (‘C’ in Fig. 39) were dives to depths less than 6 
m but were not excessively long. On this basis alone, these 
could not be ascribed to either the population of ‘B’ or ‘A’ 
dives.  
Consideration of all 
data points (Fig. 40) from all 
animals showed some 
blurring in the trends 
described above but this 
was primarily due to inter-
individual variance in the 
critical depth between ‘A’ 
and ‘B’ dives and variance in 
the precise relationship 
between duration and depth 
for the ‘B’ dives as Fig. 41A 
makes apparent. In fact, 
Figure 41. Relationship between mean dive duration and depth for (A) each of the equipped harbour
seals (lines show means for each animal) and (B) all animals together. This diagram shows the mean of 
the means in (A) and bars show standard deviations of those means. 
 



















































overall means of dive duration (for particular depth categories), derived from all 
the individual animal means regressed against depth (Fig. 41B) shows an overall 
increasing dive duration with depth over virtually the whole depth range with a 
larger variance for smaller maximum depths. The longest dives recorded (over 
800 s) come from this category.  
If dives are split according to U- and V-types and overall dive durations 
regressed against maximum depth it becomes clear that the increased mean 
duration and large variance in the duration of shallow dives (< 6 m) is due 
exclusively to the U-dives, V-dives showing a completely different character in 
this region (Fig. 42). The regression of dive duration against depth for the two 
dive groups both show a significant increase in duration with depth (U-dives: r² = 
0.80; F = 23.26; N = 22; V-dives: r² = 0.93; F = 48.99; N = 21; points taken from 
means for the relevant depth ranges) and had significantly different intercepts but 
not significantly different gradients from each other (Table 2; p. 146). 
Descent, bottom and ascent durations and velocities 
The various dive types discussed above can be further defined by 
separating out the major phases of the dive, the descent, bottom (where it exists) 
and the ascent phases. In all dives observed with a bottom phase (U-dives) the 
duration of the descent and ascent phases formed only a small fraction of the 
Figure 42. Overall mean dive duration (taken as a mean from all animal means for each depth category) 
plus standard deviations in relation to maximum dive depth for (A) U-dives and (B) V-dives. 










































total dive duration (Fig. 43). What is very apparent from the data is that the 
fraction of dives with extended durations to depths < 6 m (‘A’ type dives) derives 
these extended periods almost entirely from the duration of the bottom phase. 
Otherwise, the descent durations (y = 28.17147 + 0.26283*depth; r = 0.63; P = 
0.0022), bottom durations (y = 77.92619 + 2.70249*depth; r = 0.90; P < 0.0001) 
and ascent durations (y = 26.59882 + 0.28169*depth; r = 0.87; P < 0.0001) all 
increased significantly with increasing maximum dive depth for all animals (Fig. 
44) so that the overall mean of the individual mean values for the duration of 
these activities also increased with increasing dive depth (Fig. 45).  
The systematic increase in descent and ascent duration with increasing 
dive depth might imply a constant descent rate. This is, however, not the case. 
The vertical velocity (rate of change of depth) for both the descent and ascent 
phases increases significantly with increasing maximum dive depth (Fig. 46). 
Figure 43. Example of the duration of the various phases of dives in relation to maximum dive depth 
for a single seal “A” for the (A) Descent phase (B) Bottom phase (C) Ascent phase. 















































Figure 44. Means for the duration of the various phases of dives in relation to maximum dive depth for 
all equipped seals (each line depicts an individual) for the (A) Descent phase (B) Bottom phase (C) 
Ascent phase. 
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This trend is clear for all 
individuals (Fig. 47) and is 
strikingly obvious if the 
overall mean (of individual 
animal means) is calculated 
(Fig. 48).  
If dives are separated 
according to whether they 
have a U- or V-profile, 
marked differences become 
apparent in the duration of 
the descent phases between 
the two types. Both types showed significantly increased duration with increasing 
maximum depth down to 30 m (U-dives:  r² = 0.67; F = 40.178; N = 22; V-dives: r² 
= 0.93; F = 50.417; N = 21) but are significantly different from each other (Table 
2) (Fig. 49A & D). Aside from the initially large bottom duration at shallow depths, 
bottom duration increased slightly, but significantly, with increasing maximum 
dive depth (r² = 0.70; F = 9.410; N = 22) (Fig. 49B). Comparison of this with the 
same relationship from all dives (which includes V-dives with no bottom phase) 
(Fig. 45) illustrates the extent of V-dives in the diving repertoire of the seals. As in 
the descent phase, ascent duration increased significantly with increasing 
maximum dive depth for both U- and V-dives (U-dives: r² = 0.78; F = 69.758; N =  
A B C










































Figure 45.  Overall mean (mean of the individual animal means) and SD of those means of the various 
phases of dives in relation to maximum dive depth for all equipped seals (taken from the data presented 
in Fig. 44 for the (A) Descent phase (B) Bottom phase (C) Ascent phase. 
Figure 46. Rate of change of depth during the descent 
(black points) and ascent (red points) for all dives 
analysed (irrespective of dive type) from a single 
individual animal ‘A’. 
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22; V-dives: r² = 0.83; F = 19.608; N = 21) although the two dive types were 
significantly different from each other (Table 2; p. 146) (Fig. 49C & E).   
In accordance with this, the vertical velocity for the descent and ascent 
phases of both U- and V-dives increased significantly with increasing maximum 
dive depth (U-dives: r² = 0.93; F = 59.440; N = 22 and V-dives: r² = 0.99; F = 
516.231; N = 21 for the descent  and U-dives: r² = 0.98; F = 228.933; N = 22 and 
V-dives: r² = 0.98; F = 122.646; N = 21 for the ascent) although there were 
significant differences between the two groups (Table 2; p.146) with both rates of 
descent and ascent being markedly lower in V-dives than in U-dives (Fig. 50). If 
the mean dive durations and vertical velocities are considered for each of the 
Figure 47. Mean rate of change of depth during (A) the descent and (B) the ascent for all dives 
analysed (irrespective of dive type) from all animals. Each line depicts a single individual. 




























































Figure 48. Overall mean rate of change of depth (the mean of all animal means) with SD during (A) 
the descent and (B) the ascent for all dives analysed (irrespective of dive type) from all animals. 
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individual seals it is apparent that the durations of the ascent and descent 
phases are systematically longer in V-dives than in U-dives (6 of 9 animals; χ5 = 
6.2; P < 0.05; Fig. 51) and that the vertical velocities are systematically lower in 
V-dives than in U-dives (all 9 of 9 animals; χ5 = 13.0; P < 0.01; Fig. 52). This is 
due to the difference in the gradient of the regressions shown in Fig. 50 but also 
due to the fact that V-dives, not reaching the seabed (cf. Fig. 38), tended to be 
shallower than U-dives anyway.  
Figure 49. Overall durations (means of the individual animal means) with SD of these means for 
harbour seals for the various phases of the dive separated into U- and V-dives. Graphs (A), (B) and (C) 
show the durations of the descent, bottom and ascent phases for U-dives while graphs (D) and (E) show 
the durations of the descent and ascent phases for V-dives. 
 









































































 Figure 51. Mean durations for the descent and 
ascent phases for all harbour seals, U- and V-
dives according to individual animal. 
 
Figure 52. Mean vertical velocities for the 
descent and ascent phases for all harbour seals, 
U- and V-dives according to individual animal.  
Figure 50. Overall vertical velocities (rates of change of depth) (means of the individual animal
means) with SD of these means for harbour seals for the various phases of the dive separated into U-
and V-dives. Graphs (A) and (B) show the values for the descent and ascent phases for U-dives 
while graphs (C) and (D) show equivalent values for V-dives.  























































































Swim speeds and pitch angles during dives 
The swim speed sensors used during the study did not function well at low 
speeds, primarily because the axle about the moment arm did not rotate freely, 
possibly due to sand impeding it (see methods). However, speed could always 
be calculated for any period where there was a substantial change in depth over 
the recording period by using the descent/ascent angles from the pitch sensor 
and simple trigonometry (see methods). This approach showed that the equipped 
seals appear to have an optimum speed of travel which is of the order of 1.41 
m/s (Fig. 53/54). It should be noted, however, that the best data in this regard 
came from animals where the recording frequencies were 3 s. In view of the 
errors that are incurred with increasing sampling periods, particularly in view of 
the shallow depths to which these animals are constrained to dive in their 
foraging area, it is unwise to present systematic data for speed from all 
individuals. 
The calculation of swim speed using rates of change in depth and 
descent/ascent angles produces a clear pattern of how these three parameters 
Figure 53/54. All swim speeds recorded from a single harbour seal ‘A’ as a function of 
the depth at which they were measured during a 12-day equipment period during which 6 
foraging trips were undertaken. Speed was calculated by consideration of descent/ascent 
angles with respect to the rate of change of depth (see text). Each point shows a single 
measurement and measurements were made once every 3 s. The most commonly used 
speeds are apparent by the density of the points. (54) Frequency distribution of the swim 
speeds recorded in (53) above. 
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are integrated together in diving harbour seals (Fig. 55). This representation does 
not, however, indicate the preferred pitch angles used during the descent and 
ascent. Most descent and ascent angles were relatively steep (Fig. 56) which, 
after equating with the rates of change of depth (Fig. 50), translates into well-
defined, and relatively constant (and independent of maximum depth) swim 



























Figure 55. Surface plot showing the relationship between swim speed, pitch angle and rate of 
change of depth (vertical velocity) in a diving harbour seal (A). Data compiled from 3015 




3.1.4  Feeding 
Captive harbour seal feeding on dead prey 
During the two trials, where a total of five feeding sessions were 
conducted, 61 dead Herring were fed to the seal. Their length ranged from 13 – 
25 cm (mean: 20.7 cm; SD: 2.36) and their weight from 20 – 117 g (mean: 68.3 
g; SD: 22.1; sum: 4.166 kg). Between 10 and 19 prey items (mean: 12.2) were 
given to the animal during each session, which lasted between 8 and 15 minutes 
(mean: 11 min; sum: 55 min). All feeding events were clearly distinguishable in 
the recorded data (Fig. 58). Each prey handling event resulted in a specific 
pattern of jaw-opening angle over time (Fig. 59) consisting of two phases; a grab 
and handling phase followed by a swallowing phase. The first phase started with 
an initial, fast and extensive jaw-opening, producing the greatest angle for most 
of the feeding events, followed by a cascade of smaller, rapid peaks with 
Figure 57. Instantaneous swim speed as a 
function of the depth (black = descent; red = 
ascent) at which it occurred for measurements 
made in an individual seal (A) where the 
sample rate was 3 seconds. The data from this 
animal have been trimmed from 338,602 points 
to 5000 so as to highlight changes in density.  
Figure 56.  Instantaneous dive angle (descent 
and ascent) as a function of the depth at which 
it occurred for all measurements made in an 
individual seal (C) where the sampling rate was 
15 sec. Note the increased density (incidence) 
of descent and ascent angles around 80° and -
60°, respectively, as well as the large number of 
points around 0°. The points around 0° apply to 
periods where the animal was swimming along 
in the bottom phase.  
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decreasing maximum values and 
concomitant decreasing 
minimum angles in the troughs. 
The event ended after the jaw 
angle returned to the baseline 
representing a closed mouth. 
These signals related first to the 
initial snap of the seal to secure 
its prey before subsequent 
manipulation before the prey was 
swallowed head first. The 
swallowing phase consisted of a relatively slow jaw-opening and closing, 
producing a flat plateau in the jaw angle data whose maximum value was usually 
less than that recorded during the previous phases (Fig. 59).  
The program MT-Beak calculated duration, maximum angle and integral 
(Fig. 60) of the jaw angle data over time for each feeding event, these being the 
main parameters defining feeding events (Wilson et al., 2002). The events lasted 
between 2.3 s and 11.3 s (mean: 4.9 s; SD: 1.7). The mean maximum mouth 
opening angle was 26.7 ° (SD: 8.8) ranging from 10.8 ° to 45.8 °. Values for the 




grab and handle swallow
output (m
V)
Figure 59.  Three examples of feeding events of a captive harbour seal feeding on dead herring, where the 
different phases of the events are marked in the logger-output data over time. The ‘grab and handling’ phase 
starts with an initial, fast and extensive jaw-opening followed by a cascade of smaller, rapid peaks with 
decreasing maximum values and concomitant decreasing minimum angles in the troughs. The ‘swallowing’ 
phase consisted of a relatively slow jaw-opening and closing, producing a flat plateau in the jaw angle data. 
Figure 58. Example of recorded magnetic field strength 
over time. Eight feeding events of a captive harbour seal 
feeding on dead herring are shown, where changes in 
jaw angle are represented by the variation in magnetic 
field strength. 
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1824.4 °.s, with a mean value of 534.0 °.s (SD: 356.7 °.s). Plots of all calculated 
parameters (duration, maximum angle and integral) against the measurements 
obtained from the prey items (weight and length) (Fig. 61/62) together with linear 
regressions (STATeasy 2000 - J.L.Lozán, Germany) showed that the only 
significant relationship was that between fish length and integral and the 
Figure 61. Relationship between feeding event 
parameters (duration, maximum opening angle 
and integral) and fish length. 
Figure 62. Relationship between feeding event 
parameters (duration, maximum opening angle 




Figure 60. Mouth opening angle curve over time of one feeding event of a captive harbour seal feeding on
a dead herring. The parameters calculated by the analyses software, by which feeding events can be defined
(duration, maximum opening angle and integral), are marked. 
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correlation coefficient was low (Table 3; p. 147). 
Data from free-ranging harbour seals 
Few IMASEN data had been recovered from harbour seals foraging in the 
wild up to the point of submitting this thesis. The main reasons for this were 
device failures primarily due to leakage in the battery housing or animals not 
foraging during the short period of recording (animal ‘C’ (33.67 h) and ‘Sv’ (3 d 
21.27 h), which stayed around the haul-out site in shallow waters). Only the 
IMASEN on seal ‘Sv’ was still recording when the animal started a foraging trip, 
covering the first 14.04 h while the animal was travelling to its foraging grounds. 
During this period, 34 feeding events could be identified, all of which occurred 
after the water depth had exceeded 15 m (Fig. 63). Despite prey encounters, the 


































distance north from start (km)
Figure 63.  3-dimensional view of the first 14.04 h of 
a foraging trip undertaken by a seal (Sv) with feeding 
events (red spots) and 2-dimensional projection of the 
track (red line).
depth (m) 






































Figure 64. Example of a dive during the 
transit phase of seal ‘Sv’, which 
maintained its travel direction despite prey 
encounter; (A) 3-dimensional view with 
prey-encounters marked as blue spots; (B) 
depth, pitch and jaw opening movements 
over time during the dive. 
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during transit phases of foraging trips were not sufficient to trigger meandering, 
typical of foraging behaviour in the target foraging site (see later). 
3.1.5  Tortuosity of tracks: Area Interest Index (AII) 
Consideration of the horizontal component of the movement of seals 
during the foraging trips shows that there was a great degree of variability in the 
extent of meandering during the course of any particular foray (Fig. 65). In 
general, however, movement to and from the haul-out site is highly directional 
with extreme meandering only being apparent during the central phase of the 
foray. Changes in the degree of meander of the swim course can be conveniently 
examined using the Area Interest Index (AII) (see methods) (Fig. 66). 
Consideration of individual tracks shows a fairly standard pattern with a fairly 
high incidence of values around 0, particularly at the beginning and end of 
foraging trips (aside from a short period of orientation/play or equivalent 
immediately adjacent to the colony) although values around 1 may occur at any 
time. During the central part of the foraging trips the AII rises periodically to 
values around 1, although all values between 1 and 0 occur. Oscillations 
Figure 66. Typical pattern of the AII (calculated over 
1200 s intervals) during one foraging trip with high 
incidence of values around 0, particularly at the 
beginning and end of foraging trips representing the 
transit phase, whereas values around 1 only occur in the 
foraging area and around the haul-out site (see text). 
Figure 65. Examples of foraging trips from
different harbour seals showing the degree of
variability in the extend of meandering. 
20 km 
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between 1 and 0 during this period (Fig. 
66) are probably due to the patchiness 
of prey distribution. It is likely that the 
seals exhibit a high incidence of turning 
in profitable areas but travel rapidly 
(with well-defined directionality) 
between them (Wilson et al., in press). 
This behaviour has been well defined 
for a large variety of animals (cf. 
Samietz & Berger, 1997 and refs 
therein) but has not been described for 
seals, primarily because of the technical 
difficulties of quantifying movement in 
these animals. Consideration of areas where the AII is around 1 should help 
define localities which are considered to be particularly profitable, and therefore 
important to seals (Fig. 67). Location-dependent AIIs will be considered in more 
detail below.  
Consideration of the frequency of occurrence of all AIIs for all animals 
shows that there is a well-defined maximum around 0 (Fig. 68A). This 
presumably represents travel between zones of interest. The frequency of 
occurrence is represented by an exponential drop, with increasing AII. The 
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Figure 68. Frequency distribution of AIIs from all harbour seals calculated over 1200 s intervals (A) 
and 30 s intervals (B). 
Figure 67. Locations with AII greater than 0.9 
from all harbour seals.
20 km
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consistency of this curve can be related to the relatively coarse temporal scale 
with the AII being calculated over 1200 s intervals (Fig. 68A). Consideration of 
the frequency of occurrence of all AIIs for all animals at intervals of 30 s still 
shows the same basic exponential drop but it is more irregular, with small peaks 
around values of 0.07, 0.29 and 0.59 (Fig. 68B). Calculation of the AII over 
different temporal intervals for different animal shows some degree of variation 
as well as the general trend of smoother declines at longer AII intervals (Fig. 68). 
Comparison of individuals from the two colonies, Rømø (Fig. 69) and 
 
Lorenzenplate (Fig. 70), indicates that there are different patterns between the 
colonies as well as between animals from the same colony although the low 
sample size precludes robust statistical tests. 
In essence, the ‘Danish’ animals had a much more regular decrease in 
incidence of AIIs with increasing AII than the ‘German’ animals for the same 
temporal AII interval (cf. Fig. 69/70). Peaks occurred apparently irregularly 
although it was striking that the seals from the Lorenzenplate had a substantial 
peak at an AII of 0.6, and further ones around 0.3 and 0.05 (see 30 and 40 s 
interval in Fig. 70). The 0.3 AII peak was only apparent in the ‘Danish’ animals at 
an AII interval of 10 s (Fig. 69). The peaks essentially highlight a frequently-
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Figure 69.  Frequency distribution of AIIs for different animals from Rømø calculated over different 
intervals; (A) animals ‘Sv’ over 10 s; (B) animal ‘Sv’ over 30 s; (C) animal ‘J’ over 10 s; (D) animal ‘J’ 
over 30 s; (E) animal ‘T’ over 10 s; (F) animal ‘T’ over 30 s. 
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executed particular pattern of tortuosity. This, in turn, corresponds to a particular 
manner of moving through the environment. Given that harbour seals are known 
to be able to locate their prey by using their whiskers, which are sensitive to 
‘turbulent trails’ left by fish in the water (Dehnhardt et al., 1998; Dehnhardt et al., 
2001), it seems likely that at least one of the peaks may be due to that; the 
particular tortuosity in the tracks of harbour seals locating prey may be likened to 
a dog sniffing out a reward (Dehnhardt pers.comm.) so higher incidences of 
particular AIIs are expected, especially if prey are repeatedly, serially sought out 
in this manner, as the IMASEN data suggest (cf. Fig. 71). Aside from particular 
AII-values occurring with a specific higher frequency, however, foraging theory 
predicts that generally higher degrees of tortuosity (or AII-values) should relate to 
higher prey density because this results in area-restricted search (Bailey & 
Thompson, 2006). Thus, inspection of AII-values with respect to locality should 
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Figure 70. Frequency distribution of AIIs for different animals from Lorenzenplate calculated over 
different intervals; (A) animals ‘A’ over 30 s; (B) animal ‘A’ over 90 s; (C) animal ‘C’ over 30 s;




Consideration of the highly directional movement (AII <0.1) shows, if all 
trips from all seals are compared (corrected for pseudoreplication) (Fig. 72), that, 
although harbour seals may travel at any time during their foraging trips, 
particularly high incidences occur between the haul-out spots and the main 
Figure 71. Graphic representation of the changes in recorded parameters associated with the dive type 
believed to feeding (A) changes in depth, pitch and jaw opening and (B) a 3-d diagram of the movement of 












































































Figure 72. Area interest index-dependent area usage for AII values < 0.05 (animals exhibiting highly
directional travelling). Corrected for pseudoreplication. 
Density per km2 
20 km 
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foraging spots (see below) with track taking a predominantly West-South-West: 
East-North-East orientation (Fig. 72). The circle (of radius ca. 10 km) immediately 
South of Helgoland is due to the use of the area by one animal (A), which 
discontinued the use of the Lorenzenplate as a haul-out spot and foraged within 
a very small area adjacent to Helgoland, thus increasing the density of points in 
that area.  
Foraging/non-directional movement. 
Consideration of the area-dependent distribution of AIIs with values 
greater than 0.9 from all data (corrected for pseudoreplication), which are likely to 
be associated with foraging, shows several clusters (Fig. 73) lying within the 
areas with the highest distribution density (see B and C in Fig. 32). The greatest 
density of the distribution lies south-west of Helgoland. As with the travelling 
behaviour, this is due to a single animal foraging from Helgoland in a very limited 
area. Although it highlights the importance of the area in a general sense, 
Density per km2 
Figure 73. Area interest index-dependent area usage for AII values > 0.9 (animals exhibiting intense area 
searching (likely feeding)). Corrected for pseudoreplication. 
20 km 
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particularly for seals using Helgoland as a haul-out spot, it does not constitute an 
area of importance for animals commuting to and from the Wadden Sea.  The 
areas likely to be used by harbour seals for foraging from the Wadden Sea are 
located in water ca. 10-20 m deep up to 80 km from the coast. The single point of 
higher AI Indices at the northern coast of Rømø stems almost certainly from 
behaviour representing milling around the colony since IMASEN data show no 
feeding for locations in shallow water within the Wadden Sea (see later, cf. Fig. 
63/64/71). 
Area use for different AIIs 
Fig. 74 shows a composite highlighting the main zones of importance 
according the incidence of different AIIs of all seals (corrected for 
pseudoreplication). The green shows behaviour interpreted as travelling (AII < 
0.05; where animals hardly deviate from a straight-line course), linking the 
different main foraging grounds and the haul-out sites with one another. If the 
small red and yellow distributions immediately around the Lorenzenplate and 
Rømø are ignored (as being due to milling around in the vicinity of the haul-out 
spot), this indicates that seals apparently do not begin to search for prey until 
they reach water that is at least 10 m deep. Aside from the odd prey item that 
might be opportunistically taken, the coastal areas, therefore, appear to play no 
role in feeding, apparently being primarily used for resting at most times. 
Whether this situation is applicable for the whole year will have to be determined 
by further research with, in particular, animals being equipped with devices for 
the summer period.  
Blue and yellow, respectively, in Fig. 74 show an increasingly meandering 
course by seals approaching the main feeding areas (marked in red). This 
accords with general foraging theory where central place foragers (sensu Orians 
& Pearson, 1979) should minimize the distance travelled away from their central 
spot; the increasingly meandering behaviour allows animals to sample their 
environment ever more intensively while still maintaining a net movement away 
from the haul-out spot. 
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The red sections in Fig. 74 are likely to be areas in which feeding occurred 
(see also below) because the directionality of horizontal movement is reduced to 
less than 10 % of that possible. 
Figure 74.  Area-dependent AIIs for all animals and corrected for pseudoreplication. The diagram shows
areas likely to be used in feeding (red: AII > 0.9 - note that the red around the haul-out sites is likely to be 
milling behaviour) and transit (green: AII < 0.05) as well as those used for less directional travelling (blue:
0.05 < AII < 0.5) and substantially meandering movement (yellow: 0.5 < AII < 0.9).  
20 km 
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3.1.6  Dive types according to proposed function 
Consideration of the systematic changes in dive parameters (above) may 
be used to propose five major behaviours; 
Sleep 
These dives are generally characterized by dive depths that do not exceed 
8 m (and are generally to less than 5 m) with extended bottom durations (up to 8 
minutes). Such extended periods are presumably possible as a result of reduced 
metabolic rate (and consequent oxygen use) associated with sleep. There is no 
relationship between dive duration and dive depth. Body pitch angle during the 
descent shows that the animal tends to point up, slowly sinking with the body 
moving to the horizontal position by the time the seabed is reached (Fig. 75). 
Descent rates are slow and are presumably passive. The bottom phase of the 
dive is typified by no change in heading or pitch but occasional slight rolling (Fig. 
76).  
There is indication that 
rest/sleep in harbour seals may 
take another form other than 
that described above, occurring 
during foraging trips. Here, the 
animals may remain vertical, 
motionless at the water surface 
for periods up to 45 min, often 
followed by dives where they 
sink slowly to the bottom (at 
vertical descent rates of ca. 
0.33 m/s) up to depths of 40 m where they lie horizontal (see pitch sensor) 
motionless, often on one side (indicated by the roll sensor) for periods around 1.5 
min before returning to the surface to breathe (Fig. 76). 
Figure 75.  Graphic representation of the changes in 
recorded parameters associated with the dive type 
believed to constitute sleep.  
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Travel 
These dives are executed to the seabed with descent and ascent angles, 
and vertical velocities, that increase with increasing maximum dive depth. 
Descent and ascent angles are steep (>70°) and swim speeds are approximately 
constant at this time, being of the order of 1.4 m/s and 1.3 m/s respectively. 
There is an extended bottom phase to the dive and descent, bottom and ascent 
durations are all positively, linearly correlated with maximum depth. Swim speed 
along the bottom is approximately 1.4 m/s and heading at this time is 
approximately constant, as it is during both the descent and ascent phases of the 





time (min) time (min)
Figure 76. Graphic representation of changes in depth, pitch and roll of a seal exhibiting a transition
from normal searching/foraging (see Fig. 79/80) to deep-water sleep. The upper graph shows a section of 
the data comprising 12 dives. The first 5 dives involve searching/foraging where the rates of descent are
high, as is pitch at this time. The bottom phase of dives shows variability in pitch and roll values, both
oscillating around 0°. This searching/foraging dives are followed by some 5 min rest at the surface before
the animal engages in a single dive of intermediate function before undertaking 6 ‘sleep’ dives.  
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77). It is primarily the invariance of the heading over extended time scales that 
results in this dive type being ascribed to travelling. It certainly results in very 
efficient, rapid movement of seals from one area to another. There are potentially 
four possible reasons why animals might dive to the bottom during such dives: (i) 
this removes them from the surface where turbulence effects increase drag and 
therefore energy expenditure although it is acknowledged that this effect is only 
important up to depths of three body diameters (Fish, 1998), (ii) travel along the 
bottom might allow animals to assess prey density along the way so that 
fortuitous zones can be exploited, (iii) travel along the seabed may help the 
animals with orientation by providing, for example, visual or olfactory landmarks 
and (iv) seals may be less exposed to predation (sharks, killer whales) or general 
disturbance (boat traffic). 
Prospecting 
 These dives have a V-shaped profile (no bottom phase) and descent and 
ascent angles that are markedly shallower than those during travel, searching or 
feeding dives, although angles during both descent and ascent correlate 
positively with maximum depth reached. In keeping with the dive angles, which 
accord with animal pitch, vertical velocities are lower than in all other dives 
Figure 77. Graphic representation of the changes in recorded parameters associated with the dive type 
believed to constitute travelling (A) changes in depth and pitch and (B) a 3-d diagram of the movement of 
an animal during such dives.  
A BA B
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except sleep (Fig. 78). The function of this dive remains speculative. However, 
the characteristics lead to relatively efficient travel from one area to another while 
sampling the water column. This type of dive might be instigated under particular 
conditions, such as when pelagic fish are in the vicinity. In this respect it should 
be noted that 13.8 % of the diet of harbour seals might be composed of pelagic 
fish (Brown & Pierce, 1997; Brown & Pierce, 1998; Pierce & Santos, 2003). 
Search 
These dives are executed to the seabed with descent and ascent angles, 
and vertical velocities, that increase with increasing maximum dive depth. 
Descent and ascent angles are steep (> 70°) and swim speed is approximately 
constant at this time, being about 1.4 m/s. There is an extended bottom phase to 
the dive and descent, bottom and ascent durations are all positively, linearly 
correlated with maximum depth. Swim heading along the bottom is variable, but 
pitch along the bottom remains relatively constant around zero (Fig. 79).  
A B
Figure 78. Graphic representation of the changes in recorded parameters associated with the dive type 
believed to constitute prospecting (A) changes in depth and pitch and (B) a 3-d diagram of the movement 
of an animal during such dives. 
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 Feeding 
These dives are similar to ‘search’ dives but differ in that prey is believed 
ingested. Thus, ‘search’ dives become ‘feeding’ dives when prey is encountered. 
Typically, prey encounter results in animal body pitch changing radically as the 
seal adopts the nose down position. The decrease in depth recorded by the 
pressure transducer is due to the posterior-mounted device rising temporarily in 
the water column. The IMASEN data recorded from the seals ‘C’ and ‘S’ shows 
that this ‘up-ending’ behaviour is related to clear changes in mouth opening and 
therefore stems from seals removing prey from the sea bed (Fig. 80). Such 
changes in body pitch occur quickly (within 3 s) before the seal re-adopts the 
normal horizontal body posture typical of searching behaviour. As with search 
dives, swim heading along the bottom is variable, with area activity indices rarely 





Figure 79. Graphic representation of the changes in recorded parameters associated with the dive type 
believed to foraging (A) changes in depth and pitch and (B) a 3-d diagram of the movement of an animal 
during such dives. 
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3.1.7  Diel rhythms in diving behaviour and depth exploitation  
Since the maximum depth reached during the dive is the primary element 
determining other dive parameters (see earlier) it is appropriate that evidence of 
diel rhythms in dive behaviour be examined by assessing the distribution of the 
maximum dive depths before determining the overall distribution of selected 
depths. In this, it should be noted that clear patterns in depth use according to 
time of day have been demonstrated for many penguins (Wilson et al., 1993), fur 
seals (Croxall et al., 1985; Gentry & Kooyman, 1992) and elephant seals (Le 
Boeuf et al., 1988) with animals diving deeper during daylight than during the 
night. The two explanations offered for this are that some species limited to 
hunting by using light cannot see their prey at greater depths after sunset (Wilson 
et al., 1993) and that many prey species show diel vertical migration, moving 
closer to the surface at night (Hays, 2003 and references therein). It is thus 
somewhat surprising to see that harbour seals show no apparent trend in their 
use of depths as a function of time of day, either on an individual animal basis 
(Fig 81) or when all animals are considered together (Fig. 82). This implies that 
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Figure 80.  IMASEN and dead reckoner data from one harbour seal (C) showing typical patterns of different
activities. Note that ‘up-ending’ behaviour during the bottom phase of U-dives occurred simultaneously with 
clear changes in mouth opening and are therefore considered to be feeding events.  





























do their prey exhibit diel vertical migration. Three things back these hypotheses 
up: (i) most of the identified prey of these animals are benthic (Brown & Pierce, 
1998; Hall et al., 1998; Tollit et al., 1998), consisting of species that do not show 
diel vertical migration (ii) seals spend such a large percentage of their time close 
to the seabed (Fig. 38A) and (iii) it has been demonstrated that harbour seals 
can use their whiskers to track objects simply by following the turbulent plumes 
generated by their movement (Dehnhardt et al., 2001). 
Density changes in the graph of depth use over the 24 h cycle (Fig. 82) 
indicate the extent to which particular depths are preferred. More rigorous 
assessment of this shows that seals had bimodality in preferred depths (Fig. 83). 
This bimodality is not due to a bimodality in the distribution of the sea depths 
between foraging sites and haul-out spots because water depth increases 
gradually as the animals move offshore (Fig. 27). Thus the pattern displayed by 
the equipped harbour seals appears primarily due to extended time spend in 
particular regions.  
It has been pointed out that in marine endotherms that forage benthically, 
consideration of the bottom phase of the dive is particularly critical for assessing 
Figure 81. Distribution of maximum depths 
reached during the dive as a function of time of 
day for an individual harbour seal (A) (N = 3015 
dives). 
Figure 82. Distribution of maximum depths 
reached during dives as a function of time of day 
for all dives from all harbour seals (N = 104285 
dives). Note that the increases in density at 
different depths indicates preferred maximum 
depth ranges (cf. Fig. 83A). 
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the importance of depths to the animals (e.g. Costa & Gales, 2003). This is 
because overall time-at-depth analyses include the transit between the surface 
and the seabed which tends to overemphasize the importance of the mid- and 
upper water layers even though these regions are not used for foraging. In fact, 
the approximately linear increase in bottom duration with increasing depth (Fig. 
45B) means that assessment of the importance of particular depths with respect 
to the time spent during the bottom phase of the dive (Fig. 84) differs little from 
that alluded to in the frequency distribution of maximum depths (cf. Fig 83). 
A B
Figure 83. Frequency of the maximum depths reached by (A) All animals during all foraging trips (B) All
animals during all foraging trips but corrected for pseudoreplication by calculating percentages for each
individual before summing percentages and calculating a new overall percentage. 
A B
Figure 84. Sum of the bottom duration as a function of depth for (A) All animals during all foraging 
trips (B) All animals during all foraging trips but corrected for pseudoreplication by calculating 
percentages for each individual before summing percentages and calculating a new overall percentage. 
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3.2 Weddell seals - Weddell Sea - ANT XXI/2 
Altogether 13 deployments were conducted, during which two sets of 
devices got lost and in three cases either the IMASEN or the dead-reckoner 
malfunctioned due to battery failure or leakage of water into the battery housing. 
Nevertheless, a total of 22.92 days of simultaneous IMASEN and dead-reckoner 
data from 8 different animals was recorded. Data set duration ranged from 0.35 
days to 6.09 days (mean: 2.87 days; SD: 2.12; N = 8) depending on device 
functioning and time of recapture. Altogether four more data sets were excluded 
from further analyses, two because of their short duration (0.35 days and 0.43 
days) and because no feeding was observed, one dead-reckoner was 
incidentally programmed to record at two min intervals instead of two s intervals 
and gave therefore unacceptably poor temporal resolution while another IMASEN 
produced too much ‘noise’ in the recorded data to analyze it properly. In the 
remaining four data sets, 429 feeding events were recorded over a total of 11.51 
days. 
For only two of these four data sets, geographic positions could be 
calculated due to malfunctioning of single channels within the other two devices, 
such as the pitch or speed sensors. Ultimately, only 4.14 days of 3-dimensional 
dive data and simultaneous feeding activity could be used for further analyses of 
the AII.  
3.2.1 Area Use 
Seal area use as determined by dead-reckoners 
As the Weddell seals were not equipped with any tracking devices to give 
geographic position, the location at the time of deployment and sightings during 
the daily surveys through the inlet (during which time the seals were mainly 
hauled-out on the ice; Fig. 85) (Lake et al., 1997) were used as start- and end-
points to calculate the routes of the animals. To surface for breathing and haul-
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out seals were limited to tidal 
cracks in the fast-ice within 
the Drescher Inlet, which 
facilitated their observation. In 
addition, Weddell seals tend 
not to leave the inlet at the 
time of the year the study was 
conducted (before the ice 
breaks up), which reduced the 
risk of loosing devices. 
The data recorded by 
the dead-reckoners allowed us to calculate two foraging trips for each of the two 
animals. Trip duration was on average 10.67 hours (SD: 2.74 hours; N = 4), 
during which time the seals did not move further than three km from their 
favourite haul-out site (Fig. 86). The Weddell seal ‘2.2’ which was tagged at site 
A mainly dived in an easterly direction, but did not more further away than about 
500 m. The animal stayed close to 
its breathing hole at the edge of the 
ice shelf during trips, apparently 
always using the same hole for 
breathing. Seal ‘7.1’, equipped at 
site B, a crack in the fast-ice fairly 
close to the edge of the shelf ice, 
used a much larger area during its 
trips. This animal clearly used also 
other breathing holes further south 
along the shelf ice edge, orienting 
the direction of its dives in an 
easterly direction under the shelf 
ice.  










time of day (h)
Figure 85. Frequency distribution of number of dives 








Figure 86.  Satellite map of the Drescher Inlet with
enlarged section showing the tagging sites (blue
spots) and 4 calculated routes from 2 Weddell seals
(red and black lines).  
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3.2.2 Behaviour 
Behaviour on ice 
A haul-out was defined as a period with no diving activity for more than 
700 s (Fig. 87). The equipped animals spent 35 % of their time on the ice, with a 
mean haul-out time of 2.6 h 




During the spring 
conditions, when the data 
were recorded, Weddell seals 
dived for 50 % of the total 
time, spending only 15 % at 
the surface between dives 
(when not hauled-out). 
Average dive duration was 12.2 min (SD: 9.5; N = 480; y = 206.76071 + 
0.26346*max.depth; r = 0.28287; P < 0.0001; Fig. 88A) and average inter-dive 
duration was 4.4 min (SD: 2.7; N = 480; y = 183.76276 + 0.08744*dive duration; r 























Figure 87. Frequency distribution of the surface pause 
durations of 4 Weddell seals visualizating the point of 
inflection used as a bout-ending criterion (arrow - see 
text). 





















































Figure 88. Relationship between surface pause < 700 s and maximum dive depth (A) and dive duration (B) 
for 4 Weddell seals conducting 480 dives. 
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= 0.35; P < 0.0001; Fig. 88B). The longest dive took 61.7 min while the deepest 
dive went to 403.3 m.  
3.2.3 In search of the definition and function of different dive types 
Dive durations as a function of depth  
Of the 528 analysed dives, 78.6 % were U-shaped whereas the remaining 
21.4 % were V-shaped. In regressions of total dive duration for all dives, whether 
U- or V-shaped, against maximum depth (Fig. 89), three different clusterings of 
dives became apparent.  


























Figure 89. Maximum dive duration vs maximum dive depth for 4 Weddell seals irrespective of 
dive type (see text). V-dives are shown in red while U-dives are depicted in black. Different 
populations of dives are apparent.  Dives grouped under ‘A’ had a relatively short duration, rarely
exceeding 500 s and not reaching much deeper than 40 m, those in ‘B’ included the longest dives
and the greatest duration range from 250 s up to 3700 s, to depths between 90 m and about 160 m
and those in ‘C’ almost exclusively U-shaped dives must have been to the sea bed between 330 m 
and 400 m and had mainly durations between about 800 s and 2000 s (see Fig. 90).  
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¾ One clustering (‘A’, incorporating U- and most V-shaped dives) had a 
relatively short duration, rarely exceeding 500 s and not reaching much 
deeper than 40 m. Most dives occurred in this group (Fig. 90), which 
were presumably related to milling around in the vicinity of the 
breathing hole or diving from one hole to the next under the fast-ice. 
¾ A second group (‘B’, incorporating mainly U-shaped dives; Fig. 89) 
including the longest dives and the greatest duration range from 250 s 
up to 3700 s, to depths between 90 m and about 160 m. Fewest dives 
belonged to this population of pelagic dives (Fig. 90) which mainly 
reached under the ice shelf (see above; Watanabe et al., 2006). 
¾ A third group (‘C’ in Fig. 89) incorporated the deepest dives, to depths 
between 330 m and 400 m. These almost exclusively U-shaped dives 
must have been to the sea bed and had mainly durations between 
about 800 s and 2000 s.  






















Figure 90. Frequency distribution of the maximum dive depth of 4 free-
ranging Weddell seals. A, B and C refer to the clusters in Fig. 89. 
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Descent, bottom and ascent durations and velocities 
Separating dives into their major phases; the descent, the bottom (for U-
dives) and the ascent phase, allows further definition of different dive types. 
Descent duration (y = 57.78242 + 0.70814x; r = 0.7623; P < 0.0001), bottom 
duration (y = 298.47307 + 0.83781x; r = 0.31056; P < 0.0001) and ascent 
duration (y = 63.91696 + 0.92232x; r = 0.78096; P < 0.0001) all increased 
significantly with increasing maximum dive depth (Fig. 91). In U-dives (with a 
bottom phase), the duration of the descent and the ascent phase formed only a 
small fraction of the total dive duration, with the ascent taking usually longer than 
the descent. By comparison of the duration of the descent and ascent phase of 
U- and V-shaped dives (Fig. 92), clear differences become apparent with the 
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Figure 91. Relationship between the duration of the various phases of dives and maximum dive depth 
for the (A) Descent phase (B) Bottom phase and (C) Ascent phase 
A B










































Figure 92. Relationship between the duration of the descent and ascent phases of U- (black points) 
and V-shaped (red Points) dives and maximum dive depth for the (A) Descent phase (B) Ascent
phase. 
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seals spending significantly shorter time in these phases during U-dives 
(descent: F = 14.7, P < 0.01, N = 528; ascent: F = 5.4, P < 0.01, N = 528) (Table 
2; p. 146).  
Like the harbour seals (see above), the increase in descent and ascent 
duration with increasing depth is not based on a constant descent or ascent rate. 
The vertical velocity (rate of change of depth) for both phases increased 
significantly with increasing maximum dive depth (Fig. 93). There were no 
significant differences between the V- and U-dives in this (descent: F = 2.2, P < 
0.01, N = 528; ascent: F = 0.9, P < 0.01, N = 528) (Table 2; p. 146), with the 
vertical velocity in V-dives starting at slower speeds and increasing slightly more 
with increasing depth than in U-dives (Fig. 94).  

















Figure 93.  Rate of change of depth during the descent (black points) and ascent (red points) for all dives
analysed (irrespective of dive type) from 4 Weddell seals. 
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Swim speeds and pitch angles during dives 
Compared to the harbour seal study, the speed sensor worked well in the 
polar environment, where no sand could impede the paddle. The readings were 
calibrated by calculating the swim speeds during phases with a substantial 
change in depth, based on the pitch angle and simple trigonometry (see earlier). 
A peak in the frequency of speed of travel by the equipped seals occurred 
around 0.75 m/s (Fig. 95). During the descent phase, swim speeds were usually 
highest (especially over the first 100 m depth) reaching up to almost 2 m/s (Fig. 
96). The ascent phase was slightly slower but steadier. During the bottom phase 
of dives, the animals moved much slower (Fig. 96).  



















Figure 94. Rate of change of depth during the descent (positive values) and ascent (negative values) for U-
(black points) and V-shaped (red points) dives analysed (irrespective of dive type). from 4 Weddell seals. 
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Most pitch angles during the vertical transit phases were relatively steep, 
with descent (head down = negative) angles being shallower than ascent (head 
up = positive) angles (Fig. 96/97). Furthermore, dive angles for the descents to 
about 120 m were steeper than to greater depth. During the ascent, the dive 
angles were fairly evenly distributed but more variable, with a greater range in 
shallower dives (Fig. 96/97). The frequency distribution of pitch angles showed a 





Figure 96. Graphic representation of the changes in recorded parameters (depth, swim speed and pitch 
angle) as an example of a benthic dive performed by a Weddell seal. 








































Figure 95. (A) All swim speeds recorded from 4 free-ranging Weddell seals as a function of the depth 
at which they were measured during the study period. Measured speed was calibrated by consideration
of descent/ascent angles with respect to the rate of change of depth (see text). Each point shows a
single measurement and measurements were made once every 1 or 2 s. The most commonly used
speeds are apparent by the density of the points. (B) Frequency distribution of the swim speeds 
recorded in (A) above. 
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or swimming along in most part of the bottom phase of dives (Fig. 98). Descent 
(negative) and ascent (positive) angles showed both a bimodal pattern where 
ascent angles always occurred 
with higher frequencies. The 
peaks around -50° and 50° can 
be derived for a great extend 
from the descent and ascent 
phases. Values around 50° also 
often occur while the animal is 
breathing at the surface (see 
Fig. 109-113). The minimum 
value around -85° can be related 
to the steep angles during 
especially the first part of the 















Figure 97. Animal pitch angle as a function of the depth at which it occurred for all measurements made 
in 4 Weddell seals where the sampling rate was 1 or 2 s. Note: negative values refer to a downward tilt of
the head (e.g. during the descent), whereas positive values refer to an upward tilt of the head (e.g. during
the ascent). 











Figure 98. Frequency distribution of animal pitch 
angles. Note: negative values refer to a downward tilt 
of the head (e.g. during the descent), whereas positive 
values refer to an upward tilt of the head (e.g. during 
the ascent). 
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descent (Fig. 96/97), whereas the maximum value around 90° also represents 
the animal in a vertical position at the surface (Fig. 96/97).  
3.2.4  Feeding 
The events classified as feeding were identified mainly as a result of the 
patterns recorded from the captive harbour seal (see above). However, the 
typical initial large, rapid peak in jaw angle, followed by a cascade of smaller 
ones until the mouth opening angle returned to values around zero were 
sometimes less clear, probably due to the lower temporal resolution of the 
system used in the wild (Ropert-Coudert et al., 2004). Overall though, there was 
a strikingly similar apparent ‘grab and handling phase’ without the subsequent 
‘swallowing phase’ as seen in the harbour seal (Fig. 99A & B). Jaw opening data 
had to be considered parallel with the dive data so as to be able to distinguish 
between putative feeding events (which only occurred underwater) (Fig. 99A & B) 
2     6     10    14   18 sec
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Figure 99. Different patterns of mouth opening angle over time in relation to dive depth, representing
different types of prey and other activities other than foraging: (A) Antarctic silverfish, (B) Antarctic cod,
(C) ice-reaming.  
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and other jaw activities such as ice reaming, vocalizing or yawning which 
occurring above the water. It is notable, however, that these other activities 
produced patterns that were quite distinct from those that occurred underwater 
(Fig. 99C).  
The variation in duration, maximum opening angle and integral was much 
greater than that encountered in the trials with the captive harbour seal. Events 
lasted between 0.6 s and 30.7 s (mean: 2.8 s; SD: 3.1; N = 508) and the 
maximum mouth opening angle ranged between 12.7 ° and 94.9 ° (mean: 37.9 °; 
SD: 16.1; N = 508) while values for the integral of the mouth opening angle curve 
over time ranged from 16.8 °.s to 7431.6 °.s, with a mean value of 431.5 °.s (SD: 
639.4; N = 508). An average of 2.8 feeding events were recorded per dive (SD: 
3.1) with a range from 1 to 20. Most feeding events occurred between 60 m and 
140 m with a clear peak around 70 m (Fig. 100). The fewest number of events 
was recorded around 210 m and three small peaks seemed to occur around 250 
m, 300 m and 380 m, respectively. The feeding dives could be classified in most 
cases as either ‘pelagic’ (between 60 m and 140 m) or more ‘benthic’ (below 300 
m), with prey encounters mainly occurring during the bottom phase of these 
predominantly U-shaped dives. The majority of the feeding events showed a 
pattern consisting of only a few peaks (Fig. 99A) and occurred throughout the 
range of recorded water 
depth. A second pattern, 
which occurred 12 times of 
508 supposed ingested prey 
items, was only observed 
during benthic diving, 
showed the same basic 
structure of a cascade of 
peaks but started with 
greater amplitude and had 
much longer durations (Fig. 
99B).  
Figure 100. Frequency distribution of feeding events over
depth as recorded on 4 free-ranging Weddell seals (N = 429). 
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Small events in most cases followed short periods of increased swim 
speed and sometimes clear changes in tilt angle and heading (Fig. 101) whereas 
before large events hardly any indication of that kind was visible although they 
were systematically followed by a clear drop in velocity and considerable 
changes in tilt angle and heading (Fig. 102).  
3.2.5 Tortuosity of tracks: Area Interest Index (AII) 
As the Weddell seals in this study were hauled-out directly over their 
foraging grounds and hardly moved around inside the Drescher Inlet, the 
variability in the extent of meandering was fairly consistent from dive to dive (Fig. 
103). At the surface the AII was always 1, as the animals were limited in their 








Figure 101. Two examples for small feeding events (presumably Antarctic silverfish) together with dive
depth, swim speed and three dimensional movement patterns recorded on a free-ranging Weddell seal. 
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could oscillate between 0 and 1 depending on the steepness of the dive angle 
and therefore the 
horizontal 
displacement of the 
seal. In the middle 
of the bottom phase, 
the return point of 
the dive, the AII 
showed a rise from 
values around 0.2 to 
0.8 because the 
animal had to turn 
around and swim 








Figure 102. Two examples for small feeding events (presumably Antarctic cod) together with dive depth, 
swim speed and three dimensional movement patterns recorded on a free-ranging Weddell seal. 





























Figure 103. Example of the relative similar change of the AII during
several dives of a free-ranging Weddell seal, representing the
variability in the extend of meandering. 
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the same way it came (Fig. 104/105) and also had slower swim speeds during 
that time (Fig. 104/105). During most of the bottom phase, the AIIs were around 
0.2, meandering more with higher variations in pitch angles or when prey was 
encountered (Fig. 104B).  
Consideration of the frequency of occurrence of all AIIs shows that there 
was a clear maximum at 1 (Fig. 106). This mainly represents the inter-dive 
periods spent at the breathing holes. A much smaller, but still clear peak was 
around 0.17, the most common AII during the bottom phase. There was an 







































































































Figure 104. Example of a pelagic dive performed by a free-ranging Weddell seal during which prey was 
encountered and ingested (A) a 3-d diagram of the movement of the seal during the dive (red spot = 











































































































Figure 105. Example of a benthic dive performed by a free-ranging Weddell seal during which prey was 
encountered and ingested (A) a 3-d diagram of the movement of the seal during the dive (red spot = 















Travelling/commuting. (vertical)     
In order to access their prey, Weddell seals have to cover the vertical 
distance down to the sea floor or the ‘inverted floor’ under the shelf or fast ice 
(Davis et al., 1999; Watanabe et al., 2006). During the first part of the descent 
(down to 100 – 150 m) they therefore go down at very steep angles, resulting in 
often low AIIs, presumably orienting themselves along the edge of the shelf ice 
(Fig. 104/105). For benthic dives, descending further down to around 400 m, the 
seals can cover a substantial horizontal distance during the rest of the descent at 
lower dive angles (Fig. 107A). In ‘pelagic’ dives under the shelf ice the animals 












A rea  In te rest Index (A II)
Figure 106. Frequency distribution of AIIs from 2 free-ranging Weddell 
seals. 
A B
Figure 107. Example of a benthic (A) and a pelagic (B) dive bout from 2 free-ranging Weddell seals. 3-d 
view of the bouts with start points marked blue and feeding events red. The red line represents the 2-d 
projection of the track. 
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kept swimming at a relatively high speed during the first and last third of the 
bottom phase producing relatively low AIIs (Fig. 104B).  
Foraging/non-directional movement.    
Prey encounter is most likely during the bottom phase of a dive, and was 
indeed observed at this time (Fig. 101/102/107). With swim speeds being lower 
during the whole bottom phase for benthic dives (Fig. 105) and during the central 
third of pelagic dives (Fig. 104), higher AIIs likely to be due to particular patterns 
related to searching for, or ambushing prey.  
3.2.6  Dive types according to proposed function  
Considering the conditions at the study site and the systematic changes in 
the recorded parameters (above), three primary behaviours are proposed; 
Prospecting       
These dives are characterized by a variety of utilized dive depths and dive 
shapes, with deeper dives tending to be more V–shaped (Fig. 108) and shallower 
dives more U–shaped (Fig. 109). Descent and ascent angles are markedly 
shallower than during other dives, combined with usually slower (but fairly 
constant) swim speeds resulting in lower vertical velocities. The function of these 
dives remains speculative. However, the characteristics especially of the shallow 
dives suggests that such dives are used to explore the surrounding of the 






Search (pelagic / benthic) 
Search dives are always U-shaped and either pelagic (between 90 m and 






Figure 109. Example of a U-shaped dive with changes in depth, speed, jaw angle and pitch performed 






Figure 108. Example of a V-shaped dive with changes in depth, speed, jaw angle and pitch performed by a 
free-ranging Weddell seal, presumably to explore the water column. 
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dives were apparently executed along the underside of the shelf ice, following its 
contours and therefore producing a unique pattern in dive depth during the 
bottom phase (Fig. 110). Swim speeds during that phase are fairly constant, with 
changes often occurring simultaneously with changes in pitch angle. Benthic 
dives had a fairly constant bottom phase with far less change in depth than 
pelagic dives (Fig. 111). Pitch angles also showed less variability and swim 
speeds were slower and steadier. During all dives, descent and ascent angles 
decrease (Fig. 97), while vertical velocities increased (Fig. 94) and descent and 












Figure 110. Example of a pelagic U-shaped search dive with changes in depth, speed, jaw angle and pitch
performed by a free-ranging Weddell seal. 
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 Feeding (pelagic / benthic) 
Feeding dives were similar to search dives. However, when prey was 
encountered and ingested, sudden changes in various parameters such as swim 
speed, pitch angle and, of course, jaw opening angle appeared (Fig. 112/113). 
The reaction of the seal upon prey encounter is likely to differ depending on the 
type of prey (see above; Fig. 101/102). Although, theoretically prey could be 
encountered any time of the dive, it was most likely and indeed most common 
during the bottom phase of a dive.  
 
 
Figure 111. Example of a benthic U-shaped search dive with changes in depth, speed, jaw angle












Figure 112. Example of a pelagic U-shaped feeding dive with changes in depth, speed, jaw angle and pitch






Figure 113. Example of a benthic U-shaped feeding dive with changes in depth, speed, jaw angle and pitch 
performed by a free-ranging Weddell seal. 
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3.2.7  Diel rhythms in diving behaviour and depth exploitation 
For the Weddell seals during this study, a clear diel rhythm in diving 
behaviour was apparent with most dives taking place between 18:00 in the 
afternoon and 9:00 in the morning (Fig. 114/115A-D) could be found. But no clear 


















































Figure 114. (A) Frequency distribution of percentage of dives in relation to time of day from 4
Weddell seals. (B) Relationship between maximum dive depth and time of day for 4 free-ranging 
Weddell seals. 
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Figure 115. Diel rhythms in diving behaviour and depth exploitation of four free-ranging 
Weddell seals. (A) animal # ‘2’. (B) animal # ‘4’. (C) animal # ‘7’. (D) animal # ’11’. 
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Chapter 4 Discussion 
4.1 Device effects 
Observations during the feeding trials and resightings of the equipped 
free-ranging seals during the deployment period, showed no obvious impact on 
their behaviour. In the captive animals this might be because they were trained, 
and accustomed, to carry all sorts of equipment. After the Weddell seals were 
equipped and the antidote had been applied, it took around 15 minutes until the 
first signs of activity were observed.  Between 20 min and 60 min after the 
immobilization, the first noticeable jaw movements appeared in the records of all 
but one animal. This period, lasting between 30 min and 120 min, was 
characterized by a series of peaks with varying amplitude and duration, 
representing jaw movements of unknown function possibly due to the animal 
being temporally irritated by the devices, although it might have been attributable 
to the anaesthesia. This behaviour was only observed at the beginning of a 
dataset. One of the two seals equipped twice, displayed this behaviour each 
time, whereas the other did not show it during the second deployment. This may 
have been due to the animals adapting differently towards the impact of carrying 
devices or possibly to the anesthesia. Overall, however, neither seemed to have 
a lasting influence on the animals nor hinder their performance.  
4.2 Errors & limitations 
4.2.1  Errors in dead-reckoning  
Dead-reckoning for animals necessitates that three elements be recorded; 
animal speed, animal heading and animal position in the vertical axis. In addition, 
the animal’s position must be known at least once during the period when its 
movement is being monitored so that relative calculated co-ordinates can be 
ascribed to position. Typically, the animal’s position is known at the moment the 
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animal is equipped and released into the wild at time t = 0 so that the position at t 
= 1 is given by consideration of this start position modified by the distance 
vectors derived from animal speed between t = 0 and t = 1 and the heading and 
pitch angle (this latter being derived from the change in animal depth between t = 
0 and t = 1). A primary element in determining overall route calculations in dead-
reckoning resides with the accuracy of the primary logged parameters of speed, 
depth and heading. 
Speed 
The accurate measurement of speed is a critical element in determination 
of routes determined using dead-reckoning. Systematic under-, or over-
estimation leads to reduced or expanded moved ranges/distances which leads to 
incorrect absolute positions although it does not affect elements such as the 
tortuosity of tracks. There is remarkable variation in the types of speed sensors 
used by different groups working on marine animals and options include paddle 
wheels (Ponganis et al., 1990; Sundstrom & Gruber, 1998), propellers (Ropert-
Coudert et al., 2002; Yoda et al., 2001), turbines (Eckert, 2002), differential 
pressure sensors (including those using Prandl tubes, Wilson et al., 2002b) and 
absolute pressure sensors (Adelung, 2004), Hall effect magnetometers (Kreye, 
2003) and piezo-resistive sensors (unpubl. data). All methods that involve 
moving parts have a stall speed, below which they do not work and this is 
typically 0.3 m/s so errors can be substantial. A suggested alternative that does 
away with this would use the Doppler shift (Kreye, 2003) although this principle 
has not yet been used on animals. Probably the most serious error in 
measurement of speed stems from inappropriate calibration. The speed of water 
flow over an animal varies with animal size and shape and position of the speed 
sensor (Culik et al., 1994) so transducers that measure speed should be 
calibrated on life-size models.  Even so, water flow may differ to that over real 
animals (Carpenter et al., 2000). This problem can be negated by having loggers 
with high resolution tilt sensors (e.g. Mitani et al., 2003) and pressure 
transducers so that the speed component of a dive can be calculated by equating 
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the rate of change of depth with dive angle and this can be regressed against the 
value recorded for speed to produce a relationship between speed sensor output 
and real speed (see section 2.5.2). The value of this approach is that the process 
can be used at any time when the animal is ascending or descending the water 
column (i.e. there is potential from every dive, Blackwell et al., 1999) and the 
process can be repeated at intervals through the logged period to ascertain that 
there is no change in the calibration. 
Depth & pitch 
Errors in depth are of little concern in dead-reckoning because depth 
transducers tend to be highly accurate (usually accurate to within a fraction of a 
metre Hays et al., 2004). Moreover, every depth reading can be taken as an 
independent event, a mono-dimensional equivalent of a GPS fix. The greatest 
consequence of inaccurate depth measurement relates to determination of speed 
(in calibrations for speed sensors where the change in depth over time is related 
to body angle - see above). In fact, values for speed taken from a calibration can 
be used in tandem with recorded data on pitch as well as rate of change of depth 
in a triangle of elements to examine variance and consistency in all three 
parameters. Perhaps one of the greatest errors in this approach lies in apparent 
inconsistencies between body pitch angles and rate of change of depth at a 
given speed because the device actually only measures device pitch angles 
rather than animal pitch angles and if device orientation does not represent the 
true longitudinal axis of the animal, errors will arise. A way around this problem is 
to look for sections of the data where there is no depth change between two 
consecutive readings before examining the pitch recorded from the instrument at 
this time. The difference in the recorded pitch from the device and the actual 
pitch of the animal represents the offset with which all pitch measurements must 
be corrected so that device data truly represent the animal pitch (Sato et al., 





The manufacturers of solid-state compasses state that their systems can 
resolve heading to within 1o. This assumes virtually perfect information on 
compass orientation (pitch and roll) because solid state compasses record tri-
axial magnetic field intensity which is then put into perspective by consideration 
of compass sensor orientation with respect to gravity and magnetic declination 
(see section 2.5.2). Implicit in this is that both the compass sensor and the body 
orientation sensor are perfectly aligned on the circuit board, which can be 
achieved with careful engineering. However, the ability of the compass sensor to 
provide a true animal heading also depends on the extent to which device 
orientation reflects animal orientation. In fact, it is not a trivial matter to fix a 
device to an animal so that it faces exactly forward. While errors in device pitch 
can be corrected, problems with device heading not representing those of the 
animal are more 
difficult to 
assess (Fig. 
116) but can be 
alluded to by 
careful 
observation of 
the way the 
device sits on 
the animal after 
it has been 
released. 
 
Drift & start-/end-positions 
Errors in the accuracy of any of the sensors described above are most 
serious if they are systematic although if the extent of sensor error is known most 
problems can be resolved by appropriate modified calibrations (cf. Fig 116). 
Figure 116. A theoretical route calculated for an animal based on dead-
reckoning (swim speed 1 m/s) , shown in red in all figures, has been subject 
to errors to show the effect on route calculations. (A) Inaccurately estimated 
speed, with blue showing over-estimated (v = 1.2 m/s), and pink under-
estimated (v = 0.8 m/s), speeds. (B) Heading misrepresented by 5 degrees 
due to skew device attachment to the animal. (C) Drift due to a transverse 
current flowing at 0.1 m/s from East to West. 
A B C
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However, the environment also acts to produce systematic errors. Thus, seals 
operating in currents can drift off calculated positions. This occurs when two 
defined, and known, points on the track (such as start and end points) do not 
coincide with the calculated positions. The problem can then be reduced by 
determining the difference in space between the defined points and correcting 
the points between to accord.  
This process assumes linear drift over time, though, which may not be the 
case. Knowledge of local current conditions may help here (cf. Gaspard et al., 
2005) although an increased number of independent true fixes, such as via GPS 
would provide the ideal solution although PTT-fixes may also help in this regard. 
Where this is not possible, consideration of the depths reached by equipped 
diving animals may help refine estimates of position if the bathymetry is 
accurately known (working on the principal that no animal can dive deeper than 
the bottom). 
The considerations above are most important with respect to absolute 
animal position. However, even when long deployments of dead-reckoners result 
in so much error (e.g. via differential drift) that accurate true positions cannot be 
resolved, the relative movement displayed by the animal for periods during that 
deployment can still be usefully assessed in a behavioural context (see e.g. AII 
below) provided the time interval over which the analysis is conducted is not 
excessive. 
Overall, dead-reckoning appears to be a very promising approach for 
determination of animal movements, for elucidating habitat preferences and, with 
its high spatial- and temporal resolution, a powerful methodology for highlighting 
particular movement patterns which are indicative of behavioural processes 
(Viswanathan et al., 1999; Viswanathan et al., 1996; Frair et al., 2005; 
Benhamou, 2004 such as specific tracks resulting from tracking prey via scent). 
The ability of researchers to recognise these latter elements, however, 
necessitates an analytically robust approach so that the behavioural elements in 
movement become apparent irrespective of the scale over which they occur. This 
is where the proposed AII analysis could play a useful role. 
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4.2.2  Limitations of the IMASEN 
The trials using animals in captivity ended being rather less successful 
than anticipated. Four factors contributed to this;  
¾ Animals in captivity were always fed on dead prey. Even though the 
seals were highly motivated, they may not feed in a manner similar to 
animals found in the wild. In particular, captive animals may 
manipulate food much more than wild congeners which makes 
captivity/wild cross-border comparisons difficult.  
¾ The conditions under which the harbour seal was fed mirrored those to 
which it was accustomed in captivity, namely of it being fed on a single 
prey species (herring) within a rather narrow size range. This leaves 
little room for prey-dependent variance in the jaw angle response over 
time which may explain why attempted correlations were weak or non-
existent. It should be noted that in the first presentation of this method 
on penguins, the size range of prey presented varied (in mass) by a 
factor of more than 250 (Wilson et al., 2002a). 
¾ It was difficult to obtain a large sample size of captive animals. The 
reluctance of many zoos to participate in this type of work coupled with 
uncooperative (and powerful) animals means that studies of this type 
on pinnipeds will almost always be carried out on just a few individuals. 
¾ This situation is exacerbated by the amount of work that needs to be 
carried out to actually equip animals under these conditions. Issues 
such as device attachment, which would be relatively trivial in land 
animals, become comparatively time-consuming because the IMASEN 
has to be attached to surfaces that are normally wet, with all the 
problems that this entails. 
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4.3 Utility of the IMASEN 
Despite the limitations mentioned above, there are a number of levels 
indicative of prey ingestion which have been clarified by this study.  
¾ Firstly, prey cannot be ingested without it being registered by the 
IMASEN. Thus, the most primitive condition is that the units will always 
signal that the jaw has opened, a necessary pre-requisite for feeding.  
¾ Secondly, jaw openings associated with ingestion are almost certain to 
be discernable from jaw openings where prey was not ingested. This is 
indicated by signatures in the jaw-opening angle over time indicative of 
an initial snap followed by manipulating and/or chewing before the prey 
was ingested. Additional information from other sensors, such as depth 
transducers may help in this matter.  
¾ A further stage involves determination of the mass of the prey 
ingested. This has proved equivocal in the captive study for reasons 
stated above. Indeed, the variance in the response shown by the 
harbour seal (Fig. 61/62) indicates that prey mass estimations may 
have considerable error. Nonetheless, there is little doubt that larger 
prey will generally result in a larger integral of jaw angle over time and 
more data are required on motivated animals fed on prey of a larger 
size range to clarify the matter. 
¾ Finally, the work done in captivity has not helped elucidate whether 
different prey types may result in a different signature in jaw angle over 
time during handling and ingestion. This is a particularly exciting 
aspect of the work that also requires a good deal more work. There 
are, however, indications from the studies done on the free-living 
Weddell seals that there are some cues that might be used to help 
differentiate prey types. Assuming that the identification of feeding 
events in Weddell seals can be based upon the patterns found in 
harbour seals (because both species are true seals with very similar 
anatomic features), the size range and morphology of herring fed to 
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the captive animals corresponds closely with the predominant size of 
Antarctic silverfish (Fishbase, 2006), a primary food source for Weddell 
seals in the study area (Plotz et al., 2001). Estimates of fish size 
(length) of the Weddell seals’ prey, based on the calculated integral 
and the relation between integral and fish length acquired from the 
harbour seal, shows a clear peak in the frequency distribution between 
10 cm and 15 cm (Fig. 117). Indeed, most estimated fish sizes were 
not bigger than 25 cm, which accords with the maximum size for 
Antarctic silverfish (Fishbase, 2006) (cf. Fig. 99A). However, use of the 
same procedure 
and regression 
equation for some 




length of 195 cm! 
Although this is 
obviously extremely 
unlikely (but see 
Davis et al., 2003) it 
highlights a dichotomy in prey types (see Fig. 117). Indeed, the overall 
form of the jaw angle over time (Fig. 99), the location of prey capture in 
the water column and the different behaviour of animals feeding on 
such large prey (Fig. 102) augurs very strongly for a species other than 
Pleuragramma antarcticum. The most likely candidate is Antarctic cod 
(Dissostichus mawsoni) which is a species also consumed by Weddell 
seals (Davis et al., 1999). Definitive proof is lacking and, given the 
problems of working in captivity, may be hard to acquire. Perhaps 
short-term equipment of animals with video cameras (Davis et al., 
2003) could be used to calibrate IMASEN signals with particular prey 
Figure 117.  Diel rhythms in diving behaviour 
and depth exploitation of four free-ranging 
Weddell seals. (A) animal # ‘2’. (B) animal # 
‘4’. (C) animal # ‘7’. (D) animal # ’11’. 
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types in wild animals. Subsequently, the IMASENs could be used 
alone, presumably having much less impact on the animals (Walker & 
Boveng, 1995) and being able to be deployed for much longer periods. 
Overall, therefore, the IMASEN system shows great promise for use on 
pinnipeds. It can identify prey ingestion events with reasonable certainty and 
larger prey items are likely to produce more dramatic jaw movements. Further, it 
could be suggested that much more information on feeding could be obtained if 
the Hall sensor was also bound to a tri-axial accelerometer (cf. Wilson et al., 
2005) so that head and jaw movements associated with prey capture could be 
used to build up a species-, or size-specific key. Although trials with animals in 
captivity are clearly useful, researchers need to be aware of their drawbacks. An 
alternative, albeit an onerous one, might be to equip free-living animals with 
IMASENs for foraging trips and undertake stomach sampling (Antonelis et al., 
1987; Boness et al., 1994) immediately after they return to the colony. The most 
recently-ingested prey will presumably be the least digested and it might be 
possible to work back through time in both prey swallowed and the IMASEN 
signals. 
To date, the IMASEN system has been tried on 14 species of animal 
(Ropert-Coudert, 2002; Ropert-Coudert et al., 2004; Takahashi, in press (2005); 
Wilson et al., 2002a) and it would probably be fair to say that the marine 
mammals are the most difficult to equip and interpret of the species thus far 
equipped. Part of this stems from the habitat in which they live, which does not 
lend itself to easy study by man. However, the rewards for successful 
deployment are correspondingly greater and this should be reason enough for 




Chapter 5 Synthesis 
The previous sections of this thesis have examined the foraging behaviour 
of two seal species in detail, using state-of-the-art technologies attached to the 
free-living animals so as to define, as properly as possible, how these two 
species allocate their time into behaviours during ‘foraging’. The general term 
‘foraging’ is often poorly defined. Here, it is taken to mean ‘behaviour directed to 
acquiring food’. For seals, it can be broken down into ‘transit’, ‘searching’ and 
‘acquisition’. ‘Transit’ is where the animal moves from one site of low (or no) prey 
density to another of high density and thus refers both to animals moving to and 
from their haul-outs (in the horizontal plane) and animals moving from the water 
surface to depth (in the vertical plane). ‘Searching’ behaviour constitutes an 
attempt by the animal to locate prey not yet perceived and only occurs when the 
zone is appropriate. An appropriate zone may have been identified by the animal 
in a previous foray or may be identified by cues for prey densities high enough to 
warrant search behaviour (cf. Bailey & Thompson, 2006). ‘Acquisition’ occurs 
after perception and terminates with ingestion. A major part of this thesis is 
concerned with ‘transit’, although for this to be defined it is obviously necessary 
to define the other two elements to foraging. Air-breathing marine animals that 
repeatedly return to land and dive for food necessarily spend appreciable time in 
transit in both the horizontal and the vertical planes. As Orians and Pearson 
(1979) in their seminal work point out, transit time is not, in itself profitable so 
there is selection pressure for it to be generally minimized. But the condition is 
complex because, as many authors have recognized since the publication of the 
central-place foraging work by Orians and Pearson (1979), increases in transit 
time and energy are defendable if the rewards are appropriate (Brodin & 
Jonsson, 2003; Diaz et al., 1998; Korpimake et al., 1994). 
This work notes that all pinnipeds are central place foragers but that the 
variance in strategies is huge, ranging from the elephant seal, which ranges up to 
5000 km over 6 months absence at sea (Hindell, 2002) while diving to depths in 
excess of 1500 m (Hindell, 2002; Le Boeuf et al., 1988) to the harbour seal, 
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which usually forages within 60 km of the colony during trips lasting a few hours 
and diving rarely to depths in excess of 50 m (Krafft et al., 2002; Thompson et 
al., 1996; Tollit et al., 1998). Although this sort of information allows the build-up 
of a general picture, a major difficulty in previous studies of pinniped foraging, 
has been the allocation of the foraging period to ‘transit’, a critical concept to 
understanding the strategy of central place foragers. This has come about 
because the researchers involved have not had access to the necessary 
technology, unlike the work in this thesis. 
This final section, therefore, will attempt to put the foraging strategies of 
two pinnipeds living in quite different conditions (Jonsson, 1997; Jonsson et al., 
1999) into perspective by examining their strategies with respect to the ‘central 
place’ approach. The specifics of these two species will, however, be broadened 
in an attempt to encompass other pinnipeds so as to define which features limit 
species to their ranges and define their habitats. 
The time away from the central place is initially treated separately 
according to dimension, with consideration given to (i) depth and (ii) horizontal 
displacement. The central premise behind them is the same; that increasing time 
away from the central place results in an increasing disadvantage (Leopold et al., 
1996; Markman et al., 2004). Subsequent consideration of both elements 
together, however, should give an overview of how animal phenotype coupled 
with the spacing of prey within the environment determines species-specific 
optimum foraging strategies. 
5.1 Economic Strategies 
5.1.1  Dive efficiency  
During foraging, marine mammals can increase foraging efficiency by 
increasing the relative proportion of time spent underwater compared to that 
spent at the surface because it is only by being underwater that prey can be 
encountered, the period at the surface serving uniquely to replenish body oxygen 
stores and eliminate carbon dioxide (Butler & Jones, 1997). Thus, the primary 
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disadvantage to spending time underwater is that subsequently time must be 
spent at the surface recovering. This time is not expected to be linearly related to 
the time underwater, however, because, all other things being equal, the rate of 
oxygen acquisition by the body is proportional to the difference in partial pressure 
between oxygen in the body and that of the air (Butler & Jones, 1997; cf. Wilson 
& Quintana, 2004). This situation is complicated by animal physiology and body 
reaction to oxygen deficit, manifest in features such as variation in heart stroke 
volume, tachycardia (Butler & Woakes, 1979), hyperventilation (Gehr et al., 
1981) and changes in blood shunting around the body (Butler & Jones, 1997; 
Costa & Gales, 2003). It can, however, be conveniently expressed by the surface 
duration with respect to the time spent underwater and this can be examined for 
varying dive durations (Kooyman, 1989).  
Assuming that all diving executed by the Weddell seals were foraging 
dives (section 3.2.4) and that the dives executed by harbour seals could be 
divided into foraging/travelling and ‘other’ such as sleep (see section 3.1.6), the 
apparent underwater efficiency Euw, is defined by; 
urationdivecycled
ondiveduratiEUW =   (15)   
For foraging dives for both Weddell and Harbour seals from this study, the 
underwater efficiency appears to remain approximately stable for dives of 
duration ca. 2-6 min for harbour seals and 9-25 min for Weddell seals (Fig. 117 - 
compiled using data presented in sections 3.1.3 and 3.2.3), although there is 
evidence for a marginal increase with depth. This latter may be due to animals 
attaining close to neutral buoyancy during the deeper dives, which results in 
energy saving during swimming (Sato et al., 2003; Williams et al., 2000). 
However, neither the Harbour seal nor the Weddell seal data derived from this 
study had animals diving close to their apparent maxima (ca. 500 m Burns, 2002) 
and lasting 31 min for harbour seals (Ries et al., 1997) and 726 m (Schreer & 
Testa, 1996) and lasting 82 min for Weddell seals (Thomas, 2002). Incorporation 
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of such data from the literature 
shows, as expected, that 
efficiency overall decreases 
substantially with depth due to 
the accelerating nature of the 
pause duration with respect to 
dive duration (cf. Fig. 118). 
Thus, the general trend from 
both animals concurs with that 
predicted based on rates of 
replenishment of body oxygen 
stores and tends to make 
deep dives inefficient (Kramer, 
1988). 
Kooyman et al. (1992) 
point out, however, that true 
definition of dive efficiency 
must take into account the 
periods when the animal can 
effectively search versus the 
total period involved in the 
dive cycle, which includes transit time between the surface and the foraging 
depth as well at the recovery time at the surface (cf. Halsey et al., 2003). The 
time underwater during a dive can be further broken down into that time where 
prey are most likely to be encountered and that time involving transit. The 
harbour seals in this study had dive profiles that indicated that prey were sought 
at the sea bed (section 3.1.3); all data derived from the IMASEN indicated prey 
caught on the sea bed, and the diet of this species, both in the North Sea and the 
other areas of the world, consists primarily of demersal prey such as 
cephalopods, gadoids and flatfish (Pierce & Santos, 2003; Berg et al., 2002; 









































































Figure 117.  Dive efficiency of harbour (A) and Weddell 
seals (B) according to definition and as a function of dive
depth.  The upper (continuous) line in both graphs (filled
circles) shows the efficiency based on the time spent
underwater, Euw, relative to the full dive cycle duration,
the lower (dotted line with open circles) indicates the
efficiency based on the time spent in the bottom phase of
the dive, Eb, relative to the full dive cycle duration (see
text).
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efficiency for the time spent during the search, or bottom phase of the dives, Eb, 
best determined by dividing the duration of the bottom phase of the dive by the 
dive cycle duration so that; 
 
tionascentdurationbottomduraationdescentdurationsurfacedur
tionbottomduraEb +++=   (16) 
 
(Kooyman et al., 1992). The case of the Weddell seal appears less clear-
cut since this animal feeds both on pelagic prey (such as Pleuragramma 
antarcticum) as well as benthic species such as Antarctic cod (Dissostichus 
mawsoni) (Davis et al., 1999). However, the vertical distribution of the primary 
pelagic prey is highly stratified due either to the association of species with the 
underside of the ice (Watanabe et al., 2006) or with particular physical strata in 
the water column. Thus, dive profiles of Weddell seals (Chapter 3) are very 
similar to those typical of predators that exploit the seabed (Davis et al., 1999) 
except that the depth of the bottom phase is more variable. As such, the formula 
proposed for foraging 
efficiency by Kooyman et al. 
(1992) (eqn. 2) can be 
applied in a similar manner to 
that of the harbour seal (Fig. 
117). 
Application of this 
shows a similar trend to that 
observed in efficiency based 
on simple pause and dive 
durations (see above) for 
presumably similar reasons 
(see above), although the 
overall efficiency tends to be 



















Figure 118. Relationship between pause duration and dive 
duration for Weddell seals using data derived from this thesis 
(red rhomboids - see section 3.2.2) and data presented by Burns 
(1999) (blue circles). The line of best fit was used for both data 
sets. The Burns et al. data were included because they represent
instances where the seals dived deeper and for considerably
longer than was experienced during this study which expands the 
range and emphasises the accelerating nature of the relationship
at extended dive durations.  
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lower (see upper and lower lines in both Fig. 117A and Fig. 117B) due to the time 
taken for transit being factored into the definition. 
5.1.2  Foraging range  
The effect that variability in 
foraging range has on foraging 
efficiency has been highlighted in 
recent studies by Wilson et al. 
(2005) (for penguins) and Müller 
et al. (2004) (for sea lions). As in 
the case for efficiency during 
dives, derivation of efficiency as a 
function of foraging range can be 
alluded to by simply considering 
the time spent in the area used 
for hunting divided by the total 
time used for one foraging plus 
haul-out cycle (itself being made 
up of the sum of the time spent in 
the hunting area, the time at the 
haul-out site, and the time spent 
in transit between the haul-out 
site and the hunting area). This 
approach for the data derived 
from Harbour seals shows that, 
as expected, efficiency 
decreases with increasing 
distance between foraging- and 
haul-out sites (Fig. 119) as the 










































































































Figure 119. (A) The foraging efficiency of harbour seals 
as a function of distance from the haul-out site based on 
the time at sea not involved in transit to and from the 
foraging site relative to the total time involved in a full 
foraging plus haul-out cycle. (B) The overall efficiency of 
harbour seals as a function of distance from the 
Lorenzenplate, including both vertical and horizontal 
components (cf. Fig 117 & 119A - line denoted by red 
circles). Here, the water depth at various distances from 
the haul-out sandbank along the main axis of travel (Fig. 
32) has been taken from contour maps and these serve as 
depths for which the dive efficiency can be calculated. 
Thus, the overall efficiency is the ratio of the total time 
spent during the bottom phase of the dive (for the relevant 
depth) compared to the total time spent for a complete 
foraging plus haul-out cycle. The inverse of this is also 
shown (line with black triangles), labelled as the ‘prey 
acquisition ratio’ since it is a measure of the amount of 
prey that must be acquired in the time actually spent 
foraging in order to cover for the energetic costs incurred 
during a normal foraging plus haul-out cycle. 
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on the time available for hunting. All other things being equal, such an approach 
indicates that harbour seals foraging 10 km from their haul-out site are some 
60% more efficient than if they range to 80 km. This procedure could not be 
carried out for the Weddell seal data since the animals were actually foraging in 
the water just under their haul-out sites on the ice (Fig. 86).  
5.1.3  Integrated efficiency  
A true measure of the foraging efficiency of pinnipeds, however, can only 
be derived by consideration of both the vertical and horizontal elements of the 
foraging cycle. Combination of these to produce an overall efficiency value, Eo, 
for harbour seals is: 
( )ioncycleduratouthaulforaging
tionsearchduraEO −−−=   (17)  
To access this from the data it is necessary to define how each of the 
above terms is made up from the data collected. Since the descent, bottom, and 
ascent durations are all dependent on maximum depth reached during the dive, 
their values can be described by; 
Descent duration = f1 (Dp),  
Bottom duration = f2 (Dp), 
Ascent duration =  f3 (Dp), 
 
where f plus the integer describes a particular function and Dp is the 
maximum depth reached during any given dive (Table 4; p. 148). Pause duration 
at the surface can also be defined in this manner although, for reasons explained 
later related to the accelerating pause duration with dive duration (cf. Fig. 118, 
Kramer, 1988), it is more convenient to express the surface pause duration as a 
function of the total dive duration (with which it correlates) so that; 
123
( ) ( ) ( )[ ]ppp DfDfDffionPausedurat 3214 +=   (18)  
where f4 represents a function of the terms within the brackets (Table 4; p. 
148). During travelling to the search zone, harbour seals swim at a horizontal 
speed, v, which is derived from the normal swim speed (Crocker et al., 2001) 
multiplied by the fraction of the travel time spent underwater because seals do 
not travel appreciably at the water surface. If the foraging range is described by 
F, the time spent commuting is therefore; 
vFTC 2=   (19)  
because the animals have to swim out to the search zone and back to the 
haul-out site again. 
If the total time at sea during foraging is Ts, the time spent in the search 
zone is; 
vFTT SSZ 2−=   (20) 
   
and the total number of dives conducted; 
( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )ppppppS DfDfDffDfDfDfvFTN 32143212 +++++−=  (21) 
 
If the time on land = Tl, the efficiency is described by; 
( ) ( )ISpO TTDNfE += 2    (22) 
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Using data from this study (Table 4; p. 148), it becomes clear that 
efficiencies for harbour seals are highest closer to the haul-out site, at around 
0.42, decreasing to 0.31 for foraging ranges of 80 km (Fig. 119B). Importantly, if 
the foraging strategies indicated are to be tenable, the farther away from the 
haul-out site the animals forage, and/or the deeper the dives, the higher the rate 
of prey acquisition during searching must be to correct for the decreased 
efficiencies (cf. Maxwell & Calver, 1998). In fact, inversion of the efficiency values 
gives a measure of the rate at which prey need to be encountered for the specific 
strategies to be tenable. This value, which can be termed the ‘prey acquisition 
ratio’ (PAR), indicates the number of hours that seals can spend engaged in any 
(unspecified) activity for every hour they spend searching for prey. The higher the 
ratio, the higher the prey ingestion rate must be during foraging. Although the 
PAR will not equate completely linearly with energy (Ydenberg & Hurd, 1998), 
because the various time phases of the foraging cycle correspond to different 
energy expenditures (Costa & Gales, 2003; Sparling & Fedak, 2004), its broad, 
strictly time-based, approach means that it can be applied to any pinniped, or to 
generate a ‘model’ pinniped without having to worry about the paucity of data on 
activity-specific metabolic rate for differing species.  
Central place foragers, in general, should attempt to forage under 
conditions which maximize the PAR (cf. Markman et al., 2004). However, the 
specific site at which pinnipeds choose to forage (cf. Waugh & Weimerskirch, 
2003) will represent a balance between the constraints of animal phenotype (dive 
capacities, rate of oxygen use underwater, rate of accumulation of oxygen during 
the surface pauses etc.), which ultimately dictate overall efficiency with respect to 
access of the searching zone, and real prey abundance, which will vary with both 
depth and distance from the haul-out site. The harbour seal data for animals 
foraging from the Lorenzenplate indicate that the prey acquisition ratio at 
distances of less than 18 km (in water depths of less than 15 m) (Fig. 120) are 
inadequate to initiate searching behaviour, perhaps due to Ashmole’s halo (Birt 
et al., 1987), even though prey may be found in that region (cf. Fig. 63). 
Apparently, the prey density increases enough at ca. 20 km from the haul-out site 
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at 15 m depth to make foraging tenable at PAR-values of around 2.4 as 
evidenced by AII-values and seal residence times. The increases in PAR with 
increasing distance from the haul-out site in Fig. 120 do not apply to the second 
peak in seal residence times at ca. 60 km from the haul-out site because these 
residence times are derived from an animal that had Helgoland as its central 
place and would therefore have a different PAR, increasing with distance from its 
own central place. The degree to which the PAR changes with increasing 
distance, and depth, from the haul-out sites would make a fascinating subject for 
further study: Future work could gather data from a number of different, but 
adjacent, haul-out sites used by harbour seals to see the extent to which foraging 
areas overlapped, how the PARs changed with increasing distance and what 
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Figure 120. Prey acquisition ratio (red line) for harbour seals foraging from the Lorenzenplate and
following an approximately West-South-West trajectory. The black line shows the residence duration 
derived from all equipped harbour seals per km2 along the defined transect line while the yellow shading
denotes water depth (no scale is shown but the minimum is 0 m at the haul-out site and the maximum 37 m 
at 80 km). The horizontal bar denotes AIIs of predominantly > 0.9 which indicates active prey searching. 
Note that there are two peaks in residence duration, one at almost 40 km, and another at just after 60 km.
The second of these is exclusively due to the animal that moved from the Lorenzenplate to Helgoland (see 
results) from which point multiple foraging trips were conducted. Note also that the PAR for this animal
would not be the value shown in red since it is commuting a much shorter distance than the seals from the
Lorenzenplate. 
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5.2 Generalized model 
The model of prey acquisition ratios presented above can be generalized 
in order to examine how pinnipeds are to be expected to forage under particular 
circumstances. The problem with this thesis is that it involves a species that 
travels quite far (up to 70 km) but does not dive deep in the study area (the 
harbour seal) and another species that dives deep (up to 400 m) but does not 
travel far (the Weddell seal). In order to illustrate trends, however, it is legitimate 
to combine data to produce a model seal that can both dive deep and swim far. 
For this, the travelling speeds and percent time spent underwater during 
travelling are taken from the harbour seal (Table 4; p. 148) while the 
characteristics of the long, deep searching dives (descent-, bottom- and ascent 
duration as well as pause duration) are taken from the Weddell seals (Table 4; p. 
148). As mentioned above, there are good reasons why the diving behaviour of 
pinnipeds adhere to the patterns observed (Kramer, 1988; Wilson & Quintana, 
2004). Combination of the harbour seal travelling data with the Weddell seal 
deep-diving behaviour might produce a model for an animal that does not 
actually exist, but it will show broad pinniped trends in efficiency (or necessary 
PARs) in relation to depth, distance of the foraging site from the haul-out site, 
and time spent at sea during the foraging cycle (cf. Arnould & Hindell, 2001; Beck 
et al., 2003; Boyd, 2000). In order to make the model as proper as possible, 
however, a further data set is included. This stems from Burns et al. (1999) and 
details the relationship between surface pause duration and duration of the 
preceding dive in Weddell seals. This is pertinent because the Burns et al. (1999) 
data set incorporates much longer dives to much deeper depths than occurred 
during the Weddell seal study documented here. Thus, data from Burns et al. 
(1999) are added to data derived from this study (Fig. 118) and a polynomial 
curve fitted through the data to derive the relationship used for the model (Table 
4; p. 148).  
The model shows that, for a constant foraging duration, and in an 
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environment where the seabed does 
not limit water depth within the diving 
capacities of the seals, prey 
accessibility (indicated by PAR) must 
increase as the animal forages farther 
from the haul-out site (Fig. 121A) if the 
seal is to survive. In addition, if animals 
forage at any given distance from the 
haul-out site, prey accessibility must 
increase with increasing depth (Fig. 
121). If the PAR is assumed to be 
constant at all distances from the haul-
out site (see horizontal line in Fig. 
121A), animals can survive by foraging 
close to the haul-out site if the prey are 
deep but have to have access to prey 
closer to the surface as the foraging 
range increases (Fig.121). Note that 
this model describes a general scenario 
with regard to depth and distance with 
no provision for potential changes that 
prey might undergo with respect to 
depth distribution over the course of the 
24 h cycle (cf. Davoren et al., 2003). 
Since many pinnipeds prey exhibit diel 
vertical migration (Brodeur & Wilson, 
1996; Jansen et al., 1998; Watanabe et 
al., 2004; Wilson et al., 1993), judicious selection for foraging time may allow 
some pinnipeds easier access to prey if foraging takes place when the prey are 
closer to the surface (Croxall et al., 1985; Wilson et al., 1993). 




































































































Figure 121. (A) Prey acquisition ratio of a
pinniped (adhering to a harbour seal travelling
scenario and Weddell seal foraging scenario - see 
text) as a function of foraging range for different 
foraging depths. The length of the foraging period
at sea was held constant at 100 h, with the haul-out 
period also being constant at 20 h. The horizontal
line at a prey acquisition ratio of 4.0 indicates how
animals diving deeper, closer to the haul-out site 
may have the same prey acquisition ratio of
animals diving more shallowly but at greater
distances from the haul-out site. (B) Prey 
acquisition ratio of a pinniped (adhering to a
harbour seal travelling scenario and Weddell seal
foraging scenario - see text) as a function of total
time available for the foraging trip for different
foraging ranges. Foraging depth was held constant
at 300 and the haul-out duration was taken to be
20% that of the foraging duration. 
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foraging phase. For prey at any given depth, increases in foraging phase 
duration change the necessary PAR little if the prey are located close to the haul-
out site (Fig. 121B) but make an increasingly greater difference for prey stocks 
that are located farther away from the rest site (Fig. 121B). Thus, it would seem 
that pinnipeds foraging close to the haul-out sites gain little by spending 
extended periods at sea; indeed whatever advantage it is that obliges them to 
return to their haul-out site would presumably act against longer periods at sea. 
Contrarily, species that exploit distant prey resources need to spend longer 
periods at sea so that the PAR needed by them ties in with the availability of prey 
at the appropriate distance. This latter strategy has two disadvantages; (1) that 
the advantages accrued by being at the haul-out site are diminished (although 
these could be partially negated by extending the haul-out duration) and (2) that 
long periods travelling (and long periods at the haul-out site) require appropriate 
body reserves. It is to be expected, therefore, that any pinnipeds that range 
widely in search of food have morphological features that allow them to withstand 
the extended famine and feast regime that such a strategy entails (cf. Robin et 
al., 2001). 
Body mass will be a primary driver in this because mass-specific 
metabolic rate decreases with overall body mass (Peters, 1983) while body food 
stores scale approximately linearly with mass (Peters, 1983). It is thus little 
surprising to discover that the most widely-ranging pinnipeds, the elephant seals 
(2 species - Mirounga leonina and Mirounga angustirostris), are those that spend 
longest at sea and are also the largest (Hindell, 2002). Conversely, the smaller 
phocids such as ringed seals and otarids, such as Galapagos fur seals, generally 
forage within 50 km of their haul-out sites during trips that last a few hours 
(Robinson et al., 2002). Large body mass also confers greater diving capacity on 
animals (Boyd & Croxall, 1996; Burger, 1991; Schreer & Kovacs, 1997; Schreer 
et al., 2001), again apparently, because mass-specific metabolic rate decreases 
with body mass and body oxygen stores scale linearly with mass. Thus, larger 
animals use their oxygen stores relatively slower than smaller ones, which 
extends the time that they can spend underwater, which, in turn, allows them to 
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dive deeper if necessary (Halsey et al., 2006). Seabed topography around the 
haul-out sites, however, will determine the extent to which deep dives can be 
performed (e.g. Werner & Campagna, 1995). Thus, many species with short 
foraging ranges will not have the opportunity to dive deeply, even if they are 
massive (cf. Mueller, 2004) so it is unreasonable to expect all large pinnipeds to 
dive deeply at all times (Costa & Gales, 2003; Merrick & Loughlin, 1997). In 
addition, work on territoriality in pinnipeds has shown that some species 
experience severe selection pressures for large size (Modig, 1996) related to 
harem acquisition.  Overall though, clearly the viability of any site for hauling-out 
for pinnipeds will depend on a complex interacting web of proximity to defined 
prey densities (both in the vertical and horizontal dimensions), animal phenotype 
and the advantages to be gained by extended (and frequent) time spent at the 
haul-out site. I would like to think that this thesis has shed some light on the 
mechanisms driving some pinnipeds strategies for foraging at sea. Paradoxically, 
the period on land when these animals are most easily studied, appears to hold 
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Table 1. Program schedules and sampling periods of all devices. 
animal ID A C Si Di P #8 Sv T J # 2.2 # 4.1 # 7.1 # 11 


























deployment 17.04.02 12.11.02 12.11.02 09.04.03 09.04.03 17.09.03 13.04.04 18.09.04 18.09.04 18.12.03 13.12.03 17.12.03 30.12.03 
timer ID proto 1 30005 30009 30013 815 3005 - 30034 30016 - - - - 
release date 29.04.02 09.01.03 09.01.03 06.06.03 25.06.03 12.11.03 - 21.12.04 21.12.04 - - - -- 
release time 12:00:00 04:00:00 04:00:00 07:20:00 14:15:00 23:00:00 - 12:00:00 12:00:00 - - - - 
dead reckoner 
ID 116 131 134 135 125 127 376 375 385 166 168 167 165 
start date 17.04.02 12.11.02 12.11.02 09.04.03 09.04.03 17.09.03 13.04.04 18.09.04 18.09.04 18.12.03 13.12.03 17.12.03 30.12.03 
start time 12:26:00 10:00:00 10:00:00 10:30:00 10:30:00 10:00:00 14:00:00 11:00:00 11:00:00 12:00:00 12:00:00 12:00:00 12:00:00 
sampling 
interval 3 sec 15 sec 15 sec 15 sec 20 sec 15 sec 5 sec 5 sec 5 sec 1 sec 2 sec 1 sec 2 sec 
stop date 29.04.02 10.01.03 10.01.03 21.04.03 10.05.03 26.09.03 16.07.04 25.11.04 20.11.04 20.12.03 18.12.03 19.12.03 03.01.04 
stop time 06:36:10 04:50:15 04:50:15 00:04:15 05:35:40 18:46:45 15:21:00 01:48:36 04:46:00 13:17:13 19:07:54 20:31:16 20:17:24 
sampling 
duration 10d 12h 58d 16h 23d 1h 9d 9h 24d 7h 9d 2h 94d 1h 67d 13h 62d 18h 2d 1h 5d 1h 2d 8h 3d 17h 
# of dives 3015 19382 5964 1936 5504 3573 23322 23285 18304 105 130 75 231 
# of datapoints 338688 338602 132773 66617 105307 53947 1625292 1168430 1084147 176400 217800 201600 160200 
# of U-dives 2899 18148 5778 1718 4327 3292 21858 20487 18152 415 
# of V-dives 117 1235 186 215 1178 282 1457 2795 152 113 
time @ sea 168 h 1223 h - - 279 h - 1540 h 1049 h 988 h - - - - 
IMASEN ID 83 143 - 145 - 113 152 165 169 3976 3080 3075 3075 
start date 17.04.02 12.11.02 - 09.04.03 - 17.09.03 13.04.04 18.09.04 18.09.04 18.12.03 13.12.03 17.12.03 30.12.03 
start time 11:00:00 10:00:00 - 10:30:00 - 10:00:00 14:00:00 11:00:00 11:00:00 12:00:00 12:00:00 12:00:00 12:00:00 
sampling 
interval 5 Hz 5 Hz - 5 Hz - 5 Hz 6 Hz 5 Hz 5 Hz 10 Hz 6 Hz 10 Hz 6 Hz 
stop date - 10.04.03 - - - - 18.04.04 18.09.04 18.09.04 20.12.03 18.12.03 20.12.03 04.01.04 
stop time - 13:45:00 - - - - 17:34:02 12:49:13 14:56:58 08:45:26 18:34:51 11:54:27 06:41:16 
sampling 
duration no data 33.67 h - no data - no data 3 d 21 h 1.8 h 4 h 1d 18h 4d 23h 3d 23h 2d 9h 
PTT ID 8141 37457 37463 37458 39476 37461 47759 - - - - - - 






release - - - - - - - 
145
Table 2. Dive statistics of Weddell and harbour seals.  
  Test N Fcrit F-value P-value 
gradient 525 3.86 14.71 < 0.001 Depth vs. 
descent duration intercept 526 3.86 44.55 < 0.001 
gradient 525 3.86 5.44 0.202 Depth vs. ascent 
duration intercept 526 3.86 52.33 < 0.001 
gradient 525 3.86 2.21 0.138 Depth vs. vert. 
vel. desc. intercept 526 3.86 16.16 < 0.001 







Depth vs. vert. 
vel. asc. intercept 526 3.86 20.15 < 0.001 
gradient 40 4.1 0.008 > 0.05 Depth vs. 
descent duration intercept 41 14.4 54.8 < 0.001 
gradient 40 4.1 2.2 > 0.05 Depth vs. ascent 
duration intercept 41 14.4 47.5 < 0.001 
gradient 40 4.1 0.8 > 0.05 Depth vs. vert. 
vel. desc. intercept 41 14.4 28.6 < 0.001 
gradient 40 4.1 14.4 > 0.05 Depth vs. vert. 
vel. asc. intercept 41 14.4 51.8 < 0.001 








Depth vs. dive 




Table 3. Linear regressions (y = a + bx) with statistic parameters obtained from STATeasy, for all 
calculated parameters (duration, maximum angle and integral) versus the measurements obtained 
from the prey items (weight and length). 
Parameter a b F r Level of significance 
Mass vs. 
duration 4.12 0.01 1.52 0.16 4.00 
Mass vs. 
angle 19.91 0.08 2.20 0.19 4.00 
Mass vs. 
integral 279.79 3.72 3.38 0.23 4.00 
Length vs. 
duration 2.96 0.10 1.12 0.14 4.00 
Length vs. 
angle 7.94 0.84 2.87 0.21 4.00 
Length vs. 
integral -280.38 39.36 4.38 0.27 4.00 
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Table 4. List of parameters used in the model. 
  harbour seal Weddell seal model seal 
Maximum depth (m) = Dp n/a n/a n/a 
Dive duration (s) = Dd n/a n/a n/a 
Descent duration (s) = f1(Dp) = 0.26(Dp)+28 = 0.71(Dp)+58 = 0.71(Dp)+58 
Bottom duration (s) = f2(Dp) = 2.70(Dp)+78 = 0.84(Dp)+298 = 0.84(Dp)+298 
Ascent duration (s) = f3(Dp) = 0.28(Dp)+27 = 0.92(Dp)+64 = 0.92(Dp)+64 
Pause duration (s) = f4(Dd) n/a n/a = 4E-8(Dd^3)-8E-5(Dd^2)+7.7E-2(Dd)+212 
Travel speed (m/s) = v 1.4 n/a 1.4 
% time underwater  72 n/a 72 
Time at sea (s) = Ts 392400 43000 variable 
Time on land (s) = Tl 91800 n/a variable 
Commuting duration 
(s) = Tc derived derived derived 
Duration in search 
zone (s) = Tsz derived derived derived 
Foraging range (m) = F variable n/a variable 
Number of search 
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